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Submarine fans are common on all of Earth’s siliciclastic margins and are among the 
largest hydrocarbon reservoirs around the globe.  They contain compensationally-stacked 
channels and lobes that form a radially dispersive map pattern.  Turbidity currents, a type of 
sediment gravity flow, are one of the main processes by which sediment is transported from the 
shelf to intra-slope- and basin-floor submarine fans.    
Turbidity currents hydrodynamically sort and deposit grains based on grain size, which is 
the primary control of settling velocity.  Grain density and grain shape also contribute to particle 
settling velocity, yet only a few studies have focused on the effects of these variables on the 
behavior and deposits of turbidity currents.  This dissertation analyzes how flow processes in 
turbidity currents relate to the spatial distribution of minerals and texture in turbidite lobes, and, 
in turn, how this affects reservoir quality.  This dissertation uses three different methods of 
research: 1) physical experimentation of turbidity currents and their resulting deposits using the 
Deepwater Basin at Tulane University (Chapters 2 and 3); 2) outcrop analysis of a turbidite lobe 
from the Point Loma Formation, San Diego, California (Chapter 4); and 3) analysis of subsurface 
core data from Upper Miocene turbidites in Aspen Field, northern Gulf of Mexico (Chapter 5).   
Results of the physical experiments (Chapters 2 and 3) document that turbidity currents 
are effective are fractionating minerals on the basis of grain density and grain shape alone, 
resulting in large-scale spatial variations in the composition and textures of their deposits.  
Proximal and axial locations of turbidite lobes are relatively enriched in high density and/or 
round grains, whereas the lateral and distal margins of the deposits are relatively enriched in low 
density and/or angular grains.  Outcrop analysis of a natural turbidite lobe (Chapter 4) documents 
similar results whereby the proportion of angular minerals, such as biotite, increases toward the 
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lobe margins, whereas the proportion of dense minerals, such as hornblende, decreases toward 
the lobe margins.  The subsurface study (Chapter 5) documents how spatial variations in the 
composition of turbidites due to mineral fractionation results in spatial variations in reservoir 




TABLE OF CONTENTS 
ABSTRACT ................................................................................................................................... iii 
TABLE OF CONTENTS ................................................................................................................ v 
LIST OF FIGURES ....................................................................................................................... ix 
LIST OF TABLES ........................................................................................................................ xii 
ACKNOWLEDGEMENTS ......................................................................................................... xiii 
CHAPTER 1. INTRODUCTION TO DISSERTATION ............................................................... 1 
1.1.  Background and Significance ..................................................................................... 1 
1.2.  Scientific Problem ....................................................................................................... 3 
1.3. Organization and Content ............................................................................................ 5 
1.3.1.  Chapter 2 ...................................................................................................... 6 
1.3.2.  Chapter 3 ...................................................................................................... 7 
1.3.3.  Chapter 4 ...................................................................................................... 8 
1.3.4.  Chapter 5 ...................................................................................................... 9 
1.4.  References ................................................................................................................. 10 
CHAPTER 2.  SPATIAL VARIATIONS IN THE COMPOSITION OF TURBIDITES DUE TO 
HYDRODYNAMIC FRACTIONATION ........................................................................ 20 
2.1.  Abstract ..................................................................................................................... 20 
2.2.  Introduction ............................................................................................................... 20 
2.3.  Methods..................................................................................................................... 22 
2.4.  Results ....................................................................................................................... 24 
2.5.  Discussion and Conclusions ..................................................................................... 26 
2.6.  Acknowledgements ................................................................................................... 28 
2.7.  References ................................................................................................................. 28 
CHAPTER 3.  HYDRODYNAMIC FRACTIONATION OF MINERALS BASED ON GRAIN 
DENSITY AND GRAIN SHAPE: THREE EXPERIMENTS LINKING TURBIDITY 
CURRENT PROCESSES TO DEPOSITION .................................................................. 37 
3.1.  Abstract ..................................................................................................................... 37 
3.2.  Introduction ............................................................................................................... 38 
3.3.  Experimental Methods .............................................................................................. 40 
3.3.1.  Sediment Characteristics ............................................................................ 41 
vi 
 
3.3.2.  Experimental Design .................................................................................. 43 
3.3.3.  Comparison to Previous Experiments ........................................................ 45 
3.3.4.  Scaling........................................................................................................ 46 
3.4.  Experimental Results ................................................................................................ 48 
3.4.1.  General Flow Properties ............................................................................ 48 
3.4.2.  General Deposit Properties ........................................................................ 49 
3.4.3.  Flow and Deposit Composition ................................................................. 50 
3.4.4.  Grain-Size Distributions and Hydrodynamic Equivalence ........................ 52 
3.4.5.  Deposit Sorting .......................................................................................... 54 
3.5.  Discussion ................................................................................................................. 54 
3.5.1.  Mineral Fractionation and Deposit Area .................................................... 54 
3.5.2.  Mineralogical Variability in Turbidite Deposits ........................................ 56 
3.5.3.  Settling Velocity and Hydrodynamic Equivalence .................................... 57 
3.5.4.  Grain Sorting .............................................................................................. 60 
3.6.  Implications for Turbidites in Natural Systems ........................................................ 60 
3.7.  Conclusions ............................................................................................................... 62 
3.8.  Acknowledgements ................................................................................................... 63 
3.9.  References ................................................................................................................. 63 
CHAPTER 4.  SPATIAL VARIABILITY IN FACIES AND MINERALOGY IN DEEP-
WATER LOBE STRATA: QUANTITATIVE OUTCROP ANALYSIS OF THE POINT 
LOMA FORMATION, SAN DIEGO, CALIFORNIA .................................................... 81 
4.1.  Abstract ..................................................................................................................... 81 
4.2.  Introduction ............................................................................................................... 82 
4.3.  Geologic Setting........................................................................................................ 84 
4.4.  Data and Methods ..................................................................................................... 86 
4.5.  Physical Stratigraphy ................................................................................................ 89 
4.5.1.  General Characteristics .............................................................................. 89 
4.5.2.  Spatial Changes in Physical Stratigraphy .................................................. 90 
4.6.  Mineralogy ................................................................................................................ 92 
4.6.1.  General Characteristics .............................................................................. 93 
4.6.2.  Spatial Changes in Mineralogy – Bed ....................................................... 94 
4.6.3.  Spatial Changes in Mineralogy – Element ................................................. 94 
4.6.4.  Particle Settling Velocity ........................................................................... 94 
vii 
 
4.7.  Discussion ................................................................................................................. 96 
4.7.1.  Facies Distributions and Flow Processes ................................................... 96 
4.7.2.  Hydrodynamic Fractionation of Minerals .................................................. 99 
4.7.3.  Hydrodynamic Equivalence ..................................................................... 101 
4.8.  Implications for Reservoir Quality ......................................................................... 102 
4.9.  Conclusions ............................................................................................................. 103 
4.10.  Acknowledgements ............................................................................................... 104 
4.11.  References ............................................................................................................. 105 
CHAPTER 5. THE EFFECTS OF MINERAL FRACTIONATION BY TURBIDITY 
CURRENTS ON RESERVOIR QUALITY: A CASE STUDY FROM THE 
DEEPWATER ASPEN FIELD, NORTHERN GULF OF MEXICO ............................ 127 
5.1.  Abstract ................................................................................................................... 127 
5.2.  Introduction ............................................................................................................. 128 
5.3.  Geologic and Stratigraphic Setting ......................................................................... 129 
5.4.  Data and Methods ................................................................................................... 130 
5.5.  Core Description and Interpretation ........................................................................ 130 
5.6.  Results ..................................................................................................................... 132 
5.7.  Discussion ............................................................................................................... 133 
5.8.  Applications ............................................................................................................ 134 
5.9.  Conclusions ............................................................................................................. 135 
5.10.  Acknowledgements ............................................................................................... 136 
5.11.  References ............................................................................................................. 136 
CHAPTER 6.  CONCLUSIONS TO DISSERTATION AND FUTURE WORK ..................... 144 
6.1.  General Summary ................................................................................................... 144 
6.2.  Chapters 2 and 3 – Conclusions and Future Work ................................................. 144 
6.3.  Chapter 4 – Conclusions and Future Work ............................................................. 145 
6.4.  Chapter 5 – Conclusions Future Work .................................................................... 146 
APPENDIX A.  SUPPLEMENTAL INFORMATION FOR CHAPTER 2 ............................... 148 
A.1.  Experimental Design .............................................................................................. 148 
A.2.  Analysis of Samples ............................................................................................... 151 
A.3.  Analysis of Scale .................................................................................................... 153 
A.4.  References .............................................................................................................. 157 
APPENDIX B.  SUPPLEMENTAL INFORMATION FOR CHAPTER 5. .............................. 166 
viii 
 
B.1.  X-Ray Diffraction Analysis ................................................................................... 166 
B.2.  Porosity, Permeability, and Grain Size Analysis ................................................... 167 
APPENDIX C.  SUPPLEMENTAL ELECTRONIC MATERIAL – Data and Spreadheets ..... 170 





LIST OF FIGURES 
Figure 1.1. Isochron and seismic amplitude map of a submarine fan ........................................... 16 
Figure 1.2. Slope to basin profile of a deep-water sedimentary system ....................................... 17 
Figure 1.3. Schematic diagram of particle advection length ........................................................ 18 
Figure 2.1. Map of the Navy submarine fan, and images from a channel-lobe element in the Point 
Loma Formation............................................................................................................................ 31 
Figure 2.2. Photographs of a turbidity current and resulting deposit, and thickness map from the 
shape experiment .......................................................................................................................... 32 
Figure 2.3. SEM images of samples, and graphs of deposit composition from the density and 
shape experiments ......................................................................................................................... 33 
Figure 2.4. Graphs of grain-size distributions and calculated particle settling velocities ............ 34 
Figure 2.5. Graphs comparing measured and predicted spatial changes in deposit composition . 35 
Figure 3.1. Diagrams of the Deepwater Basin, and graphs of grain-size distributions and particle 
settling velocities .......................................................................................................................... 68 
Figure 3.2. Image of a turbidity current, graph of initial velocities, and maps of maximum 
velocities from all three experiments ............................................................................................ 69 
Figure 3.3.  Sediment concentration profiles of flows from the mixed experiment ..................... 70 
Figure 3.4.  Isopach maps of the experimental deposits ............................................................... 71 
Figure 3.5. Maps of mean grain size for all three experiments ..................................................... 72 
Figure 3.6. Graphs and maps of flow and deposit composition for the density and shape 
experiments ................................................................................................................................... 73 
Figure 3.7. Graphs and maps of flow and deposit composition for the mixed experiment .......... 74 
Figure 3.8. Graphs and schematic images of mean grain size and mean particle settling velocities
....................................................................................................................................................... 75 
Figure 3.9.  Plot of the inclusive graphic standard deviation (σ) of grain size ............................. 76 
Figure 3.10. Graph and diagrams of near-bed sediment concentrations, and diagram of the effect 
of turbulent eddies......................................................................................................................... 77 
Figure 3.11. Ternary plot of deposit composition for all three experiments ................................ 78 
x 
 
Figure 4.1. Seismic amplitude map of a submarine fan, and diagrams of particle settling velocity 
and mineral characteristics .......................................................................................................... 112 
Figure 4.2. Location and geologic map of the study area in San Diego, CA, and composite 
stratigraphic column of local Cretaceous strata .......................................................................... 113 
Figure 4.3. Diagram and photopanels of the studied lobe element ............................................. 114 
Figure 4.4. Photographs of the 10 facies from the Point Loma Formation ................................ 115 
Figure 4.5. Detailed cross-section of the lobe element ............................................................... 116 
Figure 4.6. False-colored QEMSCAN image and diagram of mineral characteristics ............... 117 
Figure 4.7. Simplified cross-section and photographs of the axis, off-axis and margin of the lobe 
element ........................................................................................................................................ 118 
Figure 4.8. Pie charts documenting axis-to-margin variations in facies percentages ................. 119 
Figure 4.9. Ten stratigraphic columns of the lowermost bed ..................................................... 120 
Figure 4.10. Photomicrographs and graphs of axis-to-margin changes in mineral composition 
from the bed ................................................................................................................................ 121 
Figure 4.11. Graphs of axis-to-margin changes in mineral composition from the element ....... 122 
Figure 4.12. Charts of grain size and grain shape characteristics ............................................... 123 
Figure 4.13.  Graphs of calculated particle settling velocities .................................................... 124 
Figure 4.14. Summary diagram of observations and predictions ............................................... 125 
Figure 5.1. Satellite images of the Aspen Field area, and diagrams of a slope-to-basin profile and 
compensational stacking of lobe elements .................................................................................. 139 
Figure 5.2. Photomicrographs, photographs, and percentages of facies from the Aspen Field .. 140 
Figure 5.3.  Stratigraphic column of Aspen Field core ............................................................... 141 
Figure 5.4. Cross-plots of data by spatial location and facies .................................................... 142 
Figure A.1. Schematic diagram of the experimental facility ...................................................... 159 
Figure A.2. Particle size (A) and particle settling velocity (B) distributions ............................. 160 
Figure A.3. Profiles of downstream velocity .............................................................................. 161 




Figure A.5. SEM backscatter and QEMSCAN images from the experiments ........................... 163 
Figure A.6: Estimation of u* for model ...................................................................................... 164 




LIST OF TABLES 
Table 1.1.  Sediment gravity-flow continuum .............................................................................. 19 
Table 2.1.  Comparison between the experimental currents and those in natural settings ........... 36 
Table 3.1.  Characteristics of grains in the experiments ............................................................... 79 
Table 3.2.  Comparison between the experimental currents and those in natural systems ........... 80 
Table 4.1.  Description and interpretation of 10 facies ............................................................... 126 










          To begin, I want to thank my family for all of their support.  Mom, Dad, James, Alicia, and 
“the boys”; you’ve been wondering what I’ve been doing for the last four years, and hopefully 
this manuscript will provide a little insight!  You all are the best! 
 Next I want to thank my friends at Mines, especially my fellow CoRE students (old and 
new) Kassandra Sendziak, Jeremiah Moody, Greg Gordon, Grace Ford, and Jesse Pisel.  You 
have not only lent me your sweat and hammers in the field, but you have provided me with 
valuable knowledge about geology and determination on this long journey called a Ph.D.  I have 
no doubt that I will be working with all of you again in the future, if not working for you! 
 I want to give a special thanks to Thomas Hearon.  You have not only provided me with 
emotional support throughout the long days, but you have been my inspiration as a scientist and 
newly anointed Doctor!  Thank you for the long phone calls, the words of encouragement, and 
unending love.     
 This project would not have been possible without the endless backing from CoRE’s old 
and new program managers, Charlie Rourke and Cathy Van Tassel.   You two have made every 
step of this process easier, and I wish I could take you both with me wherever life leads.  You’ve 
been there to listen to me “complain” over the past 4 years, and have provided me with support, 
both academically and emotionally.  I also want to thank Linda Martin for all her help and 
guidance. 
 There are numerous others who have helped me along the way: Rob Chichester and all of 
the personnel at the Point Loma Naval Base, Lyn Canter and Mark Sonnenfeld at Whiting 
Petroleum, the students at Tulane University who made every day in the lab an adventure, the 
researchers at the CSM mineralogy lab who probably couldn’t wait for me to be done, the 
xiv 
 
scientists at Nexen and Corelab who made my final chapter possible, and countless others.  
Exhaustive “thanks” can be found at the end of each chapter of this manuscript.   
 A sincere thank you goes out to my committee members, Dr. Murray Hitzman, Dr. John 
Humphrey, Dr. Manika Prasad, Dr. Tom Dunn, and Dr. Kyle Straub.  Thank you for your 
guidance, academic insights, time, patience, and scientific rigor.  This is definitely a “dream 
team” committee!  Special thanks to Dr. Straub for taking me on as another student in his 
experimental army.  I can’t wait to be part of future experiments in your lab. 
 Thank you to the Department of Geology and Geological Engineering and the entire 
community at Colorado School of Mines.  I am proud to hold two degrees from such an 
esteemed institution.   
 Finally, I want to thank my advisor Dr. David Pyles.  I’m not sure how many students can 
say this about their respective advisors, but you not only made me a better geologist, you have 
made me a better scientist.  Your scientific integrity, objectivity, and overall determination are 
unparalleled.  You have taught me the importance of scientific interrogation and critical thinking, 
but perhaps more importantly, I have learned how to lay mortar, drive down harrowing dirt 
roads, fend off inquisitive surf bums, and eat strange Spanish chorizo with a smile.   Thank you, 
David, for your patience and persistence with me.   
 A majority of funding for this research was provided by Chevron ETC.  Additional 
funding was provided by an AAPG Grants-in-Aid scholarship, GCS-SEPM Ed Piccou 
Fellowship, Timothy and Barbara Bartshe Fellowship, and Devon Energy scholarship.  Thank 







INTRODUCTION TO DISSERTATION 
 
1.1.  Background and Significance 
Submarine fans are among the largest hydrocarbon reservoirs around the globe (Weimer 
and Pettingill, 2007).  They contain compensationally stacked channels and lobes that form a 
radially dispersive map pattern (Fig. 1.1).  Distributary channel-lobe systems are located in 
intraslope minibasins and on basin floors downdip from confined and weakly confined channel 
systems (Fig. 1.2).  Seismic and outcrop studies document that individual lobes contain large 
amounts of sand, are generally lobate in shape, and have high aspect-ratios, (Normark et al., 
1979; Posamentier and Kolla, 2003; Pyles, 2007; Deptuck et al., 2008; Prelat et al., 2009; 
Fleming, 2010).  Additionally, lobes have thick, sand-rich axes and strata that thin and become 
finer grained toward lateral and distal margins (Bouma, 1962; Luthi, 1981; Pyles, 2007; Straub 
and Pyles, 2012).  
Turbidity currents, which are a type of sediment gravity flow, are one of the main 
processes by which siliciclastic sediment is transported from the shelf to deep-water submarine 
fans (Bouma et al, 1985).  Turbidity currents are part of a continuum of sediment gravity flows, 
which ranges from slumps, slides, and debris flows, to fully turbulent flows (Table 1.1).  
Processes in the sediment gravity-flow continuum differ by sediment support mechanism, 
interpreted hydrodynamic energy, manner of deposition, and rheology.  Turbidity currents have 
the lowest sediment concentration of sediment gravity flows, <10% suspended sediment by 
volume (Parker et al., 1986), and fluid turbulence is the dominant sediment support mechanism. 
Submarine fans are scientifically significant because they are common on all of Earth’s 
continental margins (Shanmugam and Moiola, 1988), and they are the final location for the 
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deposition of sediment in a source-to-sink system.  Submarine fans are economically significant 
because they consist of turbidites that are considered to be some of the best high-rate, high-
ultimate-recovery reservoirs in deep-water (Weimer and Slatt, 2004).  For example, as of 2002, 
approximately 74 billion BOE have been discovered in deep- and ultra-deep-water from 18 
basins on six continents (Weimer and Pettingill, 2007).    
  Although deep-water turbidite reservoirs continue to produce significant amounts of 
hydrocarbons, recent studies have documented that reservoir quality (porosity and permeability) 
prediction is still a difficult challenge, and one that is critical to the success of future production 
(Lien et al., 2006; Lewis et al., 2007; Dutton and Loucks, 2010; Morad et al., 2010; Taylor et al., 
2010; Ponten et al., 2014; Sullivan et al., 2014).  Primary porosity and permeability are largely 
controlled by grain sorting and grain shape.  A rock composed of well-rounded, well-sorted 
grains possesses higher primary porosity and permeability than a rock with poorly-sorted, 
angular grains due to grain packing (Berg, 1970; Beard and Weyl, 1973).  Secondary porosity is 
strongly controlled by diagenesis.  Significant diagenetic affects that serve to reduce reservoir 
quality include mechanical compaction, pressure solution, and authigenic cementation.  A well-
sorted quartz arenite will undergo less mechanical and chemical compaction than a lithic-arkose 
or litharenite due to the inherent rigidity and roundness of quartz grains versus the ductility, 
angularity, and mechanical instabilities of lithic grains (Rittenhouse, 1971; Nagtegaal, 1978; 
Pittman and Larese, 1991; Bloch and McGowen, 1994).  Are documented challenges in reservoir 
quality related to flow processes in turbidity currents?  This dissertation analyzes how flow 
processes in turbidity currents cause spatial changes in mineralogy and texture of turbidite lobes, 
and, in turn, how this affects reservoir quality. 
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1.2.  Scientific Problem 
Outcrop (Bouma, 1962; Amy et al., 2005; Hodgson et al., 2006; Pyles, 2007) and 
experimental studies (Kuenen and Migliorini, 1950; Middleton, 1967; Luthi, 1981; Choux and 
Druitt, 2002) document that turbidites are generally graded in the upward and down-current 
direction.  Grading results from flow expansion and current deceleration as a turbidity current 
exits the confinement of a channel.  Lower velocities reduce the sediment transport capacity of 
the current; consequently, coarser grains are deposited in proximal and axial locations within a 
lobe, and grain size generally decreases toward the lateral and distal margins.   
       The settling velocity of a grain is primarily controlled by grain size (Stokes, 1851; Rubey, 
1933a; Dietrich, 1982; Ferguson and Church; 2004).  However, grain density (Rubey, 1993b; 
Rittenhouse, 1943; Hand, 1967; Maiklem, 1968; Lovell, 1969; Lowright et al., 1972; Dietrich, 
1982; Ferguson and Church; 2004), and grain shape (Briggs et al., 1962; Barrett, 1980; 
Hallermerier, 1981; Dietrich, 1982; Winklemolen, 1982; Goldberry and Richardson, 1989; 
LeRoux, 2004; Ferguson and Church; 2004; LeRoux, 2005) also contribute to settling velocity.  
Specifically, spherical, low-density particles will have a lower settling velocity than spherical, 
high-density particles of equivalent volume.  Similarly, angular particles will have a lower 
settling velocity than spherical particles of the same volume and density due to increased drag 
forces.  Importantly, common turbidite sandstone-forming minerals such as quartz, feldspar, and 
mica have different densities due to chemical composition, and different shapes due to crystal 
form and cleavage.   
  Ferguson and Church (2004) define an equation for particle settling velocity (ws) 








where R is submerged specific gravity of sediment:  
  (1.2)
 and  are particle and fluid density, respectively, g is acceleration due to gravity, D is 
particle diameter, v is kinematic viscosity of the fluid, and C1 and C2 are constants that account 
for particle shape and drag forces, respectively.  This equation documents that settling velocity is 
principally dependent on grain size, as the term for particle diameter is squared (D2).  However, 
the equation also documents that particle density (R) and particle shape (C1 and C2) also 
contribute to settling velocity.  In addition to grain size, how do grain density and grain shape 
affect the spatial placement of grains in a turbidite deposit? 
Calculating the advection length of a grain settling out of suspension is one way to 
predict where grains will be deposited in the down-current direction (Fig. 1.3).  Particle 
advection length (la), which is defined as the horizontal distance a grain will travel before it 





where hs is the average height of a grain within a current and u is current velocity.  This is one 
process by which turbidity currents can spatially fractionate minerals.    
The broad goals of this dissertation are to test the following questions: 
1. How do turbidity currents hydrodynamically fractionate (sort) grains on the basis of grain 
density and grain shape? 
 
2. What are the spatial trends in composition and texture that result from this process? 





This dissertation addresses these questions using three different approaches: 1) physical 
experimentation of turbidity currents and their resulting deposits using the Deepwater Basin at 
Tulane University (Chapters 2 and 3); 2) outcrop analysis of a turbidite lobe from the Point 
Loma Formation, San Diego, California (Chapter 4); and 3) analysis of subsurface core data 
from Upper Miocene turbidites in Aspen Field, northern Gulf of Mexico (Chapter 5).  For the 
experimental studies, I performed three sets of scaled experiments to test the efficacy of turbidity 
currents to fractionation minerals on the basis of grain density and shape alone.  For the outcrop 
study, I used measurements of physical stratigraphy and mineralogy of an individual turbidite 
bed and larger lobe element to document how mineral fractionation operates in a natural system.  
For the subsurface study, I performed detailed core analysis to document how mineral 
fractionation is imprinted on reservoir quality (porosity and permeability).  Comprehensive data 
and methods for each of these studies are described in greater detail in the following chapters. 
          Concepts and data generated in this study can be used to improve prediction of large-scale 
trends in mineralogy and texture, which reduces uncertainty in the development of deep-water 
reservoirs.  Additionally, results are important to outcrop-based and experimental 
sedimentologists as this study documents how flow processes in turbidity currents link to 
deposition and reservoir quality.   
1.3. Organization and Content 
 This dissertation is written as four discrete manuscripts (chapters), each with their own 
introduction, data and methods, results, discussion, and conclusion sections.  Chapter 2 was 
published in 2013, and Chapters 3, 4, and 5 will be submitted for publication in peer-reviewed 
journals in 2014.  Each is briefly summarized below. 
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1.3.1.  Chapter 2 
           Chapter 2 is titled “Spatial variations in the composition of turbidites due to 
hydrodynamic fractionation.”  This chapter was published in Geophysical Research Letters, 
2013, volume 40, pages 3919-3923.  This study was an experimental pilot study conducted prior 
to a more comprehensive study outlined in Chapter 3.  The pilot study uses measurements from 
two sets of 3-D physical experiments to document the efficacy of turbidity currents to spatially 
fractionate mineral grains on the basis of density and shape alone.  Experiments were conducted 
in the Deepwater Basin at Tulane University.   
 Experimental turbidites were lobate in plan-view and thinned toward the lateral and distal 
margins of the basin.  Results of mineralogy analysis document large-scale variations in the 
composition of the experimental deposits.  In the first experiment called the “density” 
experiment, the proportion of higher density grains relative to lower density grains decreased by 
more than ~50% along a longitudinal and lateral transect.  In the second experiment called the 
“shape” experiment, the proportion of angular grains relative to round grains increased by more 
than ~60% along a longitudinal and lateral transect.  While grain composition varied spatially, 
the population sampled at any one location was hydrodynamically equivalent (sensu Rubey, 
1933a).  A semi-empirical fractionation model based on an exponential decay function was 
generated that aligns well with the data.  Results of the experiments have implications for 
addressing many practical geophysical problems where mineralogical composition is important.  
The co-authors of this publication are David Pyles (primary author, Colorado School of Mines) 
and Kyle Straub (Tulane University). 
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1.3.2.  Chapter 3 
Chapter 3 is titled “Hydrodynamic fractionation of minerals based on grain density and 
grain shape: Three experiments linking turbidity current processes to deposition.”  This chapter 
builds upon the pilot study outlined in Chapter 2.  This study presents the results of three sets of 
3-D physical experiments designed to test the efficacy of turbidity currents to spatially 
fractionate mineral grains on the basis of grain density and shape alone.  In addition to adding a 
third set of experiments, the methods and results from Chapter 3 are different to those in Chapter 
2 in numerous ways.  For example, all three experiments collected velocity and mineralogy data 
from the individual turbidity currents, in order to link flow conditions to sediment transport 
processes.  Moreover, Chapter 3 provides more detailed results and analysis of mineralogical 
variability and texture in the experimental deposits.  An overview of differences between the 
pilot study and the comprehensive study are discussed in section 3.3.3 of this manuscript. 
Results of the three experiments, called the “density”, “shape”, and “mixed” experiments, 
document large-scale variations in the composition and texture of the experimental deposits.  
Similar to the pilot study, in proximal and axial locations, turbidite lobes were relatively enriched 
in dense and/or round grains, whereas the lateral and distal margins of the deposits were 
relatively enriched in light and/or angular grains.  Compared to the density and mixed 
experiments, turbidity currents from the shape experiment maintained the highest velocities over 
the longest distances, resulting in larger deposits.  We conclude that angular grains offer similar 
hydrodynamic benefits as mud-sized grains due to their relatively lower settling velocity 
compared to rounder grains of the same size and density. 
For all three experiments, the average grain size of the deposits decreased in a radial 
pattern away from the entrance box, however average grain sizes between the individual mineral 
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components varied down current.  Fractionation of minerals based on grain density and shape 
resulted in deposits where smaller, dense grains were juxtaposed with larger, light grains, and 
smaller, round grains were juxtaposed with larger, angular grains.  In turn, this resulted in a 
down-stream decrease in deposit sorting. 
Despite differences in density and size, round, dense and round, light grains were in close 
hydrodynamic equivalence along a proximal to distal transect of the deposits.  However, round 
and angular grains of the same density deviate from hydrodynamic equivalence until distal 
locations in the deposits.  The deviation in hydrodynamic equivalence is interpreted to reflect 
two mechanisms: a) high near-bed sediment concentrations where hindered settling processes 
occur, and b) the inadequacy of existing settling velocity equations to account for the complexity 
of grain shape in high Reynolds’ number (fully turbulent) flows.  The co-authors of the 
publication that results from this chapter are Kyle Straub (Tulane University) and David Pyles 
(Colorado School of Mines). 
1.3.3.  Chapter 4 
          Chapter 4 is titled “Spatial variability in facies and mineralogy in deep-water lobe strata: 
Quantitative outcrop analysis of the Point Loma Formation, San Diego, California.”  This study 
uses exceptionally well-exposed outcrops of the Cretaceous Point Loma Formation to test how 
mineral fractionation by turbidity currents, which was documented in the experimental studies 
outlined in Chapters 2 and 3, operates in a natural system.   
 Two data sets were used to address the goals of this research: 1) a data set used to 
document spatial changes in the physical stratigraphy of the studied unit, and 2) a data set used to 
document spatial changes in mineralogy.  Results document discrete and non-linear axis-to-
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margin changes in facies, stratal thickness, grain size, mineralogy, and hydrodynamic sorting of 
a lobe element and one of its constituent beds.   
Results of physical stratigraphy document that from the axis of a lobe element to its 
lateral margin, facies transfer from predominately structureless sandstone, to argillaceous, 
organic-rich sandstone with mud clasts, to organic-rich, rippled sandy argillite and siltstone.  
This evolution is interpreted to reflect a transition in sediment support mechanism and mode of 
deposition, reflecting lateral changes in sediment gravity flow processes.  Lateral transitions in 
facies within the lobe element are accompanied by a decrease in grain size, abrupt stratal 
thinning, and deamalgamation of individual beds.    
Results of mineralogy document that from the axis of a lobe element to its lateral margin, 
there is an increase in K-feldspar, plagioclase, and biotite, with respect to quartz, and a decrease 
in hornblende with respect to quartz.  Additionally, there is an increase in the total organic 
carbon content (TOC) of an individual turbidite bed.  These results are interpreted to reflect 
hydrodynamic fractionation of minerals based not just on grain size, but grain density and shape 
as well, which results in spatial variability in mineralogy.  Results of this study of a naturally 
occurring lobe element are strongly aligned with the experimental studies in Chapters 2 and 3, 
although notable distinctions exist.  The co-author of the publication that results from this 
chapter is David Pyles (Colorado School of Mines). 
1.3.4.  Chapter 5 
Chapter 5 is titled, “The Effects of Mineral Fractionation by Turbidity Currents on 
Reservoir Quality: A Case Study from the Deepwater Aspen Field, Northern Gulf of Mexico“.  
This study uses core data from the deepwater Aspen Field, Green Canyon Block 243, Gulf of 
Mexico to test the effects of mineral fractionation on reservoir quality.  Aspen Field sandstones 
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and mudstones predominately consist of lithic arkoses based on the classification of Folk (1974).  
Quartz, plagioclase feldspar, and potassium feldspar are primary framework minerals, however, 
volcanic rock fragments and glass shards are also abundant.  Previous studies on the Aspen core 
document a wide range of permeability due to cementation by the mineral clinoptilolite (Rush et 
al., 2011).  Clinoptilolite is a diagenetic byproduct due to the devitrification of volcanic glass 
grains, which are characteristically highly angular and have relatively low densities (2.35-2.45 
g/cm3) compared to other common sandstone-forming minerals.   
Results of this study document that clinoptilolite cement is enriched in finer-grained, 
argillaceous facies, which are interpreted to be located in the lateral and distal margins of 
turbidite lobes.  Based on the results from Chapters 2-4, we hypothesize that because volcanic 
glass is both highly angular and has a relatively low specific gravity, it is preferentially 
fractionated to the lateral and distal margins of lobes in Aspen Field, whereby it significantly 
reduces porosity and permeability in these areas.  Overall, this study documents spatial variations 
in the composition of lobe elements, particularly with regard to the amount of volcanic glass and 
its diagenetic byproduct clinoptilolite, resulting in large-scale variations in down-hole porosity 
and permeability.  The co-author of the publication that results from this chapter is David Pyles 
(Colorado School of Mines). 
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Figure 1.1.  Isochron and seismic amplitude map of a submarine fan deposited in an intra-slope 
minibasin, offshore Nigeria (modified from Pirmez et al., 2000). The inset map highlights three 
compensationally- stacked channels and lobes within the submarine fan.  A primary question of 










Figure 1.2.  Slope to basin profile of a deep-water sedimentary system (modified from Campion 






Figure 1.3.  Schematic diagram showing how particle shape and density affects the advection 
length (la) of a particle.  If three particles of equivalent size are suspended, dense grains (1) have 
a higher ws than lighter grains (2) of equivalent size and shape, and round grains (2) have a 
higher ws than angular grains (3) of equivalent size and density, resulting in spatial differences in 






Table 1.1.  Sediment gravity-flow continuum organized by increasing sediment concentration, 
grain size, and transport capacity (from Middleton and Hampton, 1973; Lowe, 1979; Lowe 1982; 
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2.1.  Abstract 
           This study uses measurements from physical experiments to document turbidity currents, 
which are density currents composed of suspended sediment and water, to be effective at 
hydrodynamically fractionating minerals on the basis of grain density and grain shape alone, 
resulting in large-scale spatial variations in the composition of their deposits.  While grain 
composition varies spatially, the population sampled at any one location is hydrodynamically 
equivalent.  Spatial variations in composition of the deposits are modeled using exponential 
decay functions, which are based on initial concentration of grain types and their respective 
differences in settling velocity.  We further discuss implications of this process to addressing 
practical geophysical problems, in which mineralogical distributions are important, such as 
provenance and geochronology studies, subsurface imaging, and predicting bulk properties of 
subsurface reservoirs. 
2.2.  Introduction 
           Turbidity currents are density currents composed of suspended sediment and water, and 
are the primary mechanism for transporting sediment to submarine fans, which contain channel-
lobe elements that form a radially dispersive map pattern (Normark et al., 1979) (Fig. 2.1A).  
The grain size of turbidite lobes generally decreases toward their lateral and distal margins 
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(Bouma, 1962; Luthi, 1981) (Fig. 2.1B).  This pattern results from lateral expansion of the 
current after it exits the channel and enters the lobe, a region lacking lateral confinement, leading 
to a spatial decrease in flow velocity and therefore decrease in shear stress and sediment-
transport capacity (Rouse, 1950).  As settling velocity (ws) is controlled by grain diameter 
(Stokes, 1851), grains are commonly deposited in order of decreasing size down current.  
However, grain density and shape also dictate ws
 (Stokes, 1851; Dietrich, 1982; Ferguson and 
Church, 2004). Angular grains have higher drag force (Fg) and therefore lower ws, than spheres 
of equivalent volume; just as spherical, relatively high-density grains have a higher ws than 
spherical lower-density grains of equivalent volume. Critically, each of the common turbidite 
sandstone forming minerals such as quartz, feldspar, and mica has a distinctive density due to 
chemical composition, and a distinctive shape partly due to mineral cleavage.  
Hydrodynamic fractionation of mineral grains has been a topic of research, particularly 
for understanding the distribution of placers in rivers (e.g., Rubey, 1933; Slingerland, 1984); 
however, no earlier studies document this process in turbidites, although spatial variations in 
turbidite mineralogy are evident. For example, in 2D physical experiments, spatial changes in 
composition are documented (Choux and Druitt, 2002; Choux et al., 2004), although the input 
grain-size distributions for the different particle types were different. In outcrop studies, spatial 
changes in composition are documented primarily for heavy minerals such as magnetite (e.g., 
Shideler et al., 1975) over large-scale stratigraphic units such as formations (Lovell, 1969; 
Shideler et al., 1975), or were only focused on a small part of an individual bed (Norman, 1969), 
and did not document grain size- and shape-distributions for each mineral species. In seafloor 
studies, spatial changes in composition are documented for individual turbidite beds (Sarnthein 
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and Bartolini, 1973; Jones et al., 1992), but, input grain-size distributions of each grain type were 
different.  
           Several commonly addressed geophysical problems are strongly based on mineralogical 
composition (e.g., provenance, geochronology, subsurface imaging, porosity and permeability, 
and geomechanical studies).  As such, spatial variations in turbidite composition have 
implications for how these studies are conducted, and how the data are interpreted.  
           Turbidite lobes are optimal for testing how turbidity currents spatially fractionate grains 
on the basis of grain density and shape as they are net-depositional units and sediment is 
primarily deposited from suspension (Middleton, 1993). Due to infrequent occurrence, great 
water depths, and high velocities, few studies document naturally occurring turbidity currents 
and their deposits in modern submarine fans (e.g., Hay, 1987). Outcrop examples of turbidites 
generally do not have the lateral and longitudinal continuity of bedding sufficient to document 
composition over the entirety of the deposit, and flow processes are difficult to deduce. 
However, 3D flow dynamics, sediment transport, and characteristics of turbidites have 
successfully been examined at reduced scale for at least three decades (e.g., Luthi, 1981).  
           Here we use measurements from 3D physical experiments to test how turbidity currents 
spatially fractionate sediment on the basis of grain density and shape alone, propose a semi-
empirical model that can be applied to natural systems, and discuss implications of this process 
to addressing some practical geophysical problems where mineralogical composition are 
important. 
2.3.  Methods 
     Two experiments were conducted in a 6-m long, 4-m wide and 2.2-m deep basin 
equipped with an acoustic Doppler profiler (ADP) and a 35-MHz ultrasonic topography scanner 
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(Fig. 2.2). The turbidity currents were composed of a mixture of clear water, dissolved salt 
(CaCl2), and suspended sediment, and had an excess density of 4% relative to the ambient water 
in the basin. Of this excess density, 50% was from suspended sediment and 50% was from 
dissolved salt. The sediment-saltwater mixture was introduced to the basin through a constant 
head tank, which maintained steady discharge to the basin. Thickness and discharge of all 
currents at the basin entrance were approximately constant with values of 0.11 m and 3.0 × 10−3 
m3/s, respectively. The duration of each current was 255 ± 47 seconds. Once the currents entered 
the basin, they laterally expanded and flowed down the basin floor which had a 10% slope in the 
primary flow direction. ADP measurements of flow velocity and thickness just down-slope of the 
entrance box were used to calculate Reynolds (Re) and densiometric Froude numbers (FrD) as 
8000 (turbulent) and 0.5 (subcritical), respectively (Table 2.1). After traversing the 14.7 m2 study 
area the currents plunged into a moat where perimeter drains removed the currents, preventing 
reflections. The experimental currents were highly depositional with little-to-no sediment 
entrainment from the bed. The experiments were conducted at reduced scale relative to 
submarine transport systems. A comparison of how our model compares to natural settings are 
listed in Table 2.1.  
     Two experiments were performed; each consisted of five turbidity currents that produced 
stacked successions of lobate turbidites. In the first experiment, the density experiment, 50% of 
the sediment volume was spherical soda-lime glass (s = 2.5 g/cm3), the control, and 50% was 
spherical zirconia-silicate glass (s = 3.85 g/cm3) with short-to-long axis ratios of 0.95±0.01 and 
0.93±0.03, respectively (Fig.  2.3A). In the second experiment, the shape experiment, 50% of the 
sediment volume was spherical soda-lime glass (s = 2.5 g/cm3), the control, and 50% was 
angular soda-lime glass (s = 2.5 g/cm3), with short-to-long axis ratios of 0.95±0.01 and 
24 
 
0.44±0.01, respectively (Fig. 2.3A). The nominal grain-size distributions of the three sediment 
types were similar, ranging from 101 to 141 m for the D50, and 27 to 62 m for the standard 
deviation.  
     Thickness maps (Fig. 2.2) were produced using a topography scanner, which scanned the 
basin bathymetry before and after each experiment using a common 5 mm (lat.) by 10 mm 
(long.) grid.  Samples from the deposits of the experiments were manually collected along a 
cross-shaped grid (Fig. 2.2). Samples were split into one-gram aliquots and graphite particles 
were added to each sample at a 2:1 ratio, to spatially separate the sampled grains. The sediment-
graphite mixture was mounted into 30-mm diameter cups and mixed with epoxy resin. Finally, 
the samples were polished to a 1-µm finish.  
     Samples were analyzed with a quantitative and automated scanning-electron microscope. 
Backscatter electron images were acquired over an area of 4 cm2 with 2 m resolution for each 
sample. The three grain types were quantitatively differentiated using imaged-based software. In 
the density experiment, zirconia-silicate glass grains are denser and create a brighter backscatter 
image than soda-lime glass grains, whereas in the shape experiment, the two grain types have 
distinctive shapes (Fig. 2.3A).   
     A detailed description of the experimental design, calculations of scale, and description 
and operating conditions for measuring composition are included in the supplemental material 
(Appendix A). 
2.4.  Results 
     The deposits of both experiments were lobate and unchannelized in plan view, had a 
thick axis, and strata thinned radially away from the sediment source (Fig. 2.2). More than 99% 
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of input sediment was deposited on the basin floor. The shapes of the experimental deposits were 
similar to lobes deposited in distributive submarine-fan settings (Fig. 2.1). 
     Large-scale variations in the composition of the experimental deposits are documented 
(Fig. 2.3B).  In the density experiment, the concentration by volume of high-density grains 
decreased by more than ~50% along the longitudinal transect, and similarly from the axis of the 
deposit to its lateral margins.  In the shape experiment, the concentration of angular grains 
increased by ~60% along the longitudinal profile, and similarly from the axis of the deposit to its 
lateral margins.  
     Figure 2.4 documents grain-size distributions for a representative sample in the density 
experiment. In this sample, low-density grains are coarser than high-density grains, although 
when the populations are normalized by calculated ws (equation 4 from Ferguson and Church, 
2004), the plots approximately align; meaning the ws of each population are approximately the 
same, or hydraulically equivalent (sensu Rubey, 1933).  
     These results indicate that ws is a primary control on the spatial distributions in 
concentration (C), which are semi-empirically modeled as:  
 C x C e ∆ , for ws≥0; 
 
C x 1 C e∆ , for ws for ≤0; 
(2.1)
(2.2)
where C0 is the initial concentration by volume of the tested grains relative to tested and control 
grains (Vi/(Vi+Vc)); 0.5 for these experiments), ws is the difference between the settling 
velocities of the tested and control grains ((wsi-wsc)/wsc; 0.95 for the density experiment and -
0.25 for the shape experiment), and xnorm is normalized distance (x/xtot)—xtot is where >99% of 
the sediment volume is surpassed (99.4% for the density experiment and 99.7% for the shape 
experiment).  Exponential decay functions were chosen because they are dependent on initial 
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conditions (C0), conserve mass, and assume no bed entrainment. The predicted values are 
approximately aligned with measured values (0.89 ≤ r ≤ 0.92) indicating the equations work 
reasonably well within ws values of the experiments (-.28 ≤ ws ≤ 0.80; Fig. 2.5A).  Figure 
2.5B shows predicted concentration trends and both halving and doubling length scales for a 
range of ws values. 
2.5.  Discussion and Conclusions 
     Results from this study might underrepresent the amount of fractionation that occurs in 
nature. In a sensitivity analysis of ws, using equation 4 from Ferguson and Church (2004), we 
document that shape has the greatest influence on ws for grains larger than ~100 m, whereas 
density has the greatest influence on ws for grains smaller than ~100 m in diameter. This 
transition occurs where particle Reynolds numbers become turbulent (Rep   1). Our experiments 
used grain sizes that straddled these changes. Grain sizes in natural turbidites range from clay 
(~0.04 m) to pebbles (>4000 m). As such, fractionation due to grain shape and density could 
be enhanced for relatively coarse-grained and fine-grained turbidites, respectively. Furthermore, 
the experimental turbidity currents did not entrain sediment from the bed, as they do in natural 
settings. If entrainment favored angular and low density grains, this process could enhance 
fractionation. 
     Suspended silt and clay grains enhance the effective density of turbidity currents, serving 
to increase their mobility and the depositional area of their deposits (Gladstone et al., 1998; 
Salaheldin et al., 2000). Sand-sized grains of relatively low density have the same affect (Hodson 
and Alexander, 2010). The area of the turbidite lobe in the shape experiment is ~50% larger than 
that of the density experiment, although both contain similar amounts of sediment. We therefore 
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propose that angular, sand-sized grains suspended in turbidity currents can offer similar 
hydrodynamic benefits as silt, clay, and low-density particles. 
     Spatial changes in the composition of turbidite lobes due to hydrodynamic fractionation 
have implications for addressing many practical geophysical problems.  First, turbidites are 
commonly used in provenance and geochronology studies and samples from different parts of a 
turbidite could plot in different domains of a quartz-feldspar-lithic ternary diagram, which is one 
method for interpreting source terrain (Dickinson et al., 1983). Also, different zircon and apatite 
grain sizes can be derived from different aged source areas (e.g., Lawrence et al., 2011). Second, 
spatial changes in composition have implications to interpreting subsurface images as changes in 
density due to composition can affect resistivity, neutron density, and gamma ray logs (Asquith 
and Gibson, 1982), and seismic-reflection amplitude of the deposit (Bachrach and Mukerji, 
2004). Third, spatial changes in composition can affect bulk properties that influence the storage 
capacity and recoverability of fluids in subsurface reservoirs. For example, enhanced 
concentrations of angular particles such as volcanic glass and biotite in distal, although sand-
rich, parts of turbidites affects secondary porosity and permeability as these grains 
characteristically alter to zeolite cements and clay during diagenesis, causing a reduction in 
porosity and permeability (Beard and Weyl, 1973). Also, spatial changes in mineralogy can 
result in differential compaction as rigid grains such as quartz compact differently than angular, 
labile grains such as mica, resulting in spatial changes in porosity (Krumbein and Monk, 1942). 
Additionally, geomechanical properties such as Young’s modulus and Poisson’s ratio are related 
to mineralogical composition and determine the fracturability of sedimentary deposits (Harris et 
al., 2011).  
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     In conclusion, this study documents turbidity currents to be effective at hydrodynamically 
fractionating grains on the basis of grain density and shape, resulting in large-scale spatial 
variations in the composition of their deposits. This process has implications for addressing 
practical geophysical problems. 
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Figure 2.1. A) Map of the Navy submarine fan, California (from Normark et al. 1979; image 
reproduced with permission from Sedimentology). B) Diagram and photos of a channel-lobe 





Figure 2.2.  Plan-view photographs of a turbidity current (A), resulting deposit (B), and thickness 






Figure 2.3.  A) SEM images of samples from each experiment. B) Graphs documenting longitudinal (left) and lateral (right) changes 







Figure 2.4.  A) Grain-size distributions of high- and low-density grains for one sample from the 
density experiment (sample x=2700, y=2000; location of sample shown in Figure 2.3). B) 






Figure 2.5.  A) Graph comparing measured and predicted (using Equations 1 and 2) spatial 
changes in composition. B) Predicted spatial changes in composition using a range of ws 




Table 2.1.  Comparison between the experimental currents and those in natural settings. 
 
  Experimental Currents Scaled to Natural System* 
FrD 0.51 0.51 
u, (m/s) 0.061 0.61 
H (m) 0.1 10 
L (m) 1.6 4,000 
T (min) 5.5 55 
Re 8,000 6,100,000 
D50 (µm) 112 182 
FrD=densiometric Froude number, u=velocity, H=flow height, L=flow 
length, T=duration of flow, Re=Reynolds number, D50=median grain 
diameter 






CHAPTER 3.  
HYDRODYNAMIC FRACTIONATION OF MINERALS BASED ON GRAIN DENSITY 
AND GRAIN SHAPE: THREE EXPERIMENTS LINKING TURBIDITY CURRENT 
PROCESSES TO DEPOSITION 
 
A paper to be submitted to Geological Society of America (GSA) Bulletin 
Jane G. Stammer, Kyle M. Straub, David R. Pyles 
3.1.  Abstract 
This study uses three sets of physical experiments to document how turbidity currents 
spatially fractionate particles on the basis of grain density and grain shape, resulting in large-
scale spatial variations in the composition and texture of their deposits.  The experiments were 
conducted in the Tulane University Deepwater Basin that measures 6 m-long, 4 m-wide, and 2.2 
m-deep.  All three experiments used engineered sediment with similar grain-size distributions 
(D50~75µm), and turbidity currents had 2% excess density from suspended sediment.  For each 
experiment, velocity data and samples from the currents and deposits were collected in a 
common grid throughout the basin.  The “density” experiment had equal proportions by volume 
of spherical glass beads (ρ=2.50 g/cm3) and spherical alumina-oxide beads (ρ=3.85 g/cm3), 
whereas the “shape” experiment had equal proportions by volume of spherical glass and angular 
glass (both with ρ=2.50 g/cm3).  The “mixed” experiment had equal proportions by volume of all 
three grain types.  
Flows from all three experiments entered the basin with uniform height and maximum 
velocity.  Compared to the density and mixed experiments, however, the shape experiment 
maintained maximum velocities for the longest distances, which resulted in a deposit with the 
longest run-out distance and greatest aerial extent.  Turbidite deposits were lobate in plan-form 
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and thinned radially away from the entrance for each experiment.  The mean grain size of the 
deposits decreased in a radial pattern away from the entrance box.  In proximal and axial 
locations, turbidite lobes were relatively enriched in dense and/or round grains, whereas the 
lateral and distal margins of the deposits were relatively enriched in light and/or angular grains, 
resulting in in large-scale variability in the composition of the deposits.  Fractionation of 
minerals based on grain density and shape resulted in deposits where finer dense grains were 
juxtaposed with coarser, light grains, and smaller round grains were juxtaposed with larger, 
angular grains.  In turn, this process resulted in a down-stream decrease in deposit sorting. 
Despite differences in grain density and grain size, round, dense and round, light grains 
were in close hydrodynamic equivalence along a proximal to distal transect of the deposit.  
However, round and angular grains of the same density deviated from hydrodynamic 
equivalence until distal locations in the deposits, which may reflect the inadequacy of current 
settling velocity equations to account for the complexity of grain shape in high Reynolds’ 
number (fully turbulent) flows.       
Results of this study have important implications for numerous geological problems, and 
may explain spatial variations in mineralogical composition and texture described in natural 
submarine fans, which can have impacts on primary and secondary reservoir quality.  
3.2.  Introduction 
	 Turbidity currents are a type of density current composed of suspended sediment and 
water whereby fluid turbulence is the dominant sediment-support mechanism.  Turbidity currents 
are one of the main processes by which sediment is transported from the shelf to intra-slope- and 
basin-floor submarine fans, which contain compensationally-stacked channels and lobes 
(Bouma, et al., 1985).  Submarine fans are scientifically significant because they are common on 
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all of Earth’s continental margins (Shanmugam and Moiola, 1988), and they are the final 
location for the deposition of sediment in a source-to-sink system.  They are economically 
significant because they are prolific hosts for oil and gas resources around the globe (Weimer 
and Pettingill, 2007).   Direct documentation of turbidity current processes, however, is rare due 
to water depths and infrequent occurrence (Hay, 1987; Johnson et al., 2001; Xu et al., 2002; 
Khripounoff et al., 2003; Vangreisheim et al., 2009; Parsons et al., 2010).  Experimental 
research, therefore, provides valuable information that can be used to document and understand 
sedimentation processes and deposits that occur in deep-water turbidite systems.  This study uses 
physical experiments to test the efficacy of turbidity currents to spatially fractionate mineral 
grains on the basis of density and shape alone. 
 Particle settling velocity (ws) is primarily controlled by grain size (Dietrich, 1982; 
Ferguson and Church, 2004).  Several physical experiments of turbidity currents have 
documented that grains are deposited in decreasing size in the down-current direction (Kuenen 
and Migliorini, 1950; Middleton, 1967; Luthi, 1981; Choux and Druitt, 2002).  Grain density and 
grain shape also contribute to particle settling velocity, yet only a few experimental studies have 
focused on the effects of these variables on the behavior and deposits of turbidity currents.  
Previous turbidity current experiments that tested the effects of grain density were conducted in 
2-D, lock-exchange flumes (Stix, 2001; Choux and Druitt, 2002, Choux et al., 2004; Hodson and 
Alexander, 2010), although none of these experiments documented the effects of grain density 
independent of grain size and grain shape.  Recent experiments by Pyles et al. (2013) were the 
first to analyze the effects of grain density and grain shape on turbidity current processes and 
deposition.  Results of that study documented that turbidity currents are effective at fractionating 
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mineral grains on the basis of grain density and shape alone, resulting in large-scale variations in 
the composition of their deposits.   
 This article builds upon the work of Pyles et al. (2013) by presenting results from three  
three-dimensional experiments of turbidity currents and their associated lobe deposits.  In 
addition to adding a third set of experiments, the methods and results from this research are 
different to the previous experiments in numerous ways.  For example, all three experiments 
include the collection of velocity and mineralogy data from the individual turbidity currents, in 
order to link flow conditions to sediment transport processes.  Moreover, this new study provides 
more detailed results and analysis of mineralogical variability and texture in the experimental 
deposits.      
 The goals of this article are to use the results of these three physical experiments to 
address the following questions.  First, how do turbidity currents spatially fractionation minerals 
on the basis of grain density and grain shape alone?  Second, how do turbidity current processes 
link to deposition?  Third, what are the effects of this process on the deposit’s composition and 
texture?   
 Spatial variability in the composition of turbidites due to mineral fractionation has 
implications for a variety of applied geoscience problems including provenance and 
geochronology studies, and reservoir quality (porosity and permeability) in water and 
hydrocarbon reservoirs.   
3.3.  Experimental Methods 
Three sets of experiments were conducted in the Tulane University Deepwater Basin, 
which measures 6 m-long, 4 m-wide, and 2.2 m-deep (Figs. 3.1A, 3.1B).  All experiments were 
conducted on a false floor constructed in the basin, which was surrounded by a 0.50 m moat.  
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The basin is outfitted with an X-Y-Z data collection carriage that houses a Nortek acoustic 
Doppler profiler (ADP), a Keyence laser-topography scanning system, and a mobile siphon rack. 
The basin floor was flat and angled at a constant 10% slope in the primary flow direction.  Base-
level and sediment supply were held constant for all experiments.  Sediment supply was 
regulated through a constant head tank.   
3.3.1.  Sediment Characteristics 
Experiment 1, hereon termed the density experiment, was designed to test how turbidity 
currents fractionate grains on the basis of grain density alone and how this process affects 
deposit texture.  Sediment consisted of equal proportions by volume of relatively low-density, 
spherical, soda-lime glass beads (ρ=2.50 g/cm3) (SLG), which was the control for all 
experiments, and relatively high-density spherical, alumina-oxide beads (ρ=3.90 g/cm3) (AlOx) 
(Table 3.1).  Experiment 2, hereon termed the shape experiment, was designed to test how 
turbidity currents fractionate grains on the basis of grain shape alone and how this process affects 
deposit texture.  Sediment consisted of equal proportions by volume of spherical, SLG beads (the 
control) and angular, crushed soda-lime glass (CG), both of which have the same density (ρ=2.50 
g/cm3).  Experiment 3, hereon termed the mixed experiment, used all three sediment types 
(spherical SLG, spherical AlOx, and angular CG) to test the effects of both grain density and 
grain shape together.  All of the experimental turbidity currents had equal proportions by volume 
of all three components.   
In order to isolate the effects of grain density and shape alone, the three components were 
pre-sieved to ensure that grain-size distributions were similar.  Nominal particle diameters were 
calculated by QEMSCAN, a quantitative and automated scanning-electron microscope (SEM). 
Values for D10, D50, and D90 for the three components are listed in Table 3.1 and are illustrated 
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in Figure 3.1C.  Grain-shape analysis of the sediments was calculated using imageJ software on 
images of the particles acquired by QEMSCAN (see example in Pyles et al., 2013, their 
supplemental Fig. 5).  The following grain characteristics were measured: area (A), perimeter 
(P), length of the major axis of the best fitting ellipse (Dmax), and length of the secondary, minor 
axis of the best fitting ellipse (Dmin).  These parameters were used to calculate: 1) circularity = 
4π(A/P2), where a value of 1.0 is a perfect circle; and 2) aspect ratio = Dmax/Dmin, where a value 
of 1.0 indicates that the maximum length and width of the particle are equal (Table 3.1).  The 
AlOx and SLG have relatively high circularity values and low aspect ratios, whereas the CG has 
a relatively low circularity value and a high aspect ratio (Table 3.1).   
Particle settling velocity (ws) for each component was calculated using equation 4 from 





where R is submerged specific gravity of sediment: 
  (3.2)
 and  are particle and fluid density, respectively, g is acceleration due to gravity, D is 
particle diameter, v is kinematic viscosity of the fluid, and C1 and C2 are constants that account 
for particle shape and drag forces, respectively.  Values used for C1 and C2 for the round and 
angular components were and 18 and 0.4, and 22 and 1.2, respectively (Ferguson and Church, 
2004).  Graphs of particle ws for the input conditions show that the AlOx has the highest ws, the 
SLG has intermediate ws, and the CG has the lowest ws (Fig. 3.1D, Table 3.1).  
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3.3.2.  Experimental Design  
The experimental turbidity currents were composed of a mixture of fresh water and 
suspended sediment, and had an absolute density of 1,020 kg/m3 and, therefore, an excess 
density of 2% relative to the ambient fresh water in the basin.  Sediment was held in suspension 
in a 655-gallon mixing tank filled with fresh water, which was mixed by the constant rotation of 
propellers.  The sediment-water mixture was pumped from the mixing tank into a constant head 
tank to ensure a steady discharge into the basin for each individual release (Fig. 3.1A).  A valve 
released the sediment-water mixture from the constant head tank into the fresh-water-filled 
basin, where it passed through a 0.5-m wide by 0.75-m long momentum extraction box that 
contained wire mesh baffles.  The baffles ensured that the mixture entered the basin as a density-
driven underflow.  Turbidity-current thickness and input discharge at the basin entrance were 
nearly constant with average values of 0.15 m and 3.2 × 10-3 m3/s, respectively.  Measurements 
of flow velocity and thickness just down slope of the entrance box were used to calculate 








where ū is depth-average velocity, H is current thickness, µ is kinematic viscosity of the fluid 
and ' is reduced gravity 




where  is the acceleration due to gravity, and  and   are the densities of the current and 
ambient fluid, respectively.  Values of Re and FrD at the entrance box varied from 13,000-15,000 
(fully turbulent) and from 0.5-0.6 (subcritical), respectively. 
  Each of the three experiments consisted of 8 turbidity currents (24 total runs) and their 
associated deposits.  The duration of each current was exactly 9 minutes and 15 seconds.  Once 
the currents entered the basin, they radially expanded and decelerated down the basin floor.  
After traversing the 14.7 m2 study area, the currents deposited ~ 99% of their sediment, and the 
remaining parts of the currents plunged into a moat where perimeter drains removed the currents, 
preventing reflections.  A set of vertically-stacked siphons was used to collect suspended 
sediment from the currents at 10 different locations from each experiment (Fig. 3.1B).  These 
samples were used to evaluate sediment concentration profiles, grain-size distributions, and 
mineral proportions within the turbidity currents.  The siphons had an inner diameter of 3 mm 
and were vertically spaced 1-cm apart.  The bottom siphon was positioned 1 cm above the bed at 
every location.   
  Down-stream and cross-stream velocity profiles were measured using a Nortek 
Aquadopp HR Profiler at 50 locations throughout the basin (Fig. 3.1B); 10 locations correspond 
to those of the siphon samples.  The Aquadopp is a pulse-Coherent Acoustic-Doppler Profiler 
(PCADP). The PCADP measured current velocity with a frequency of 1 Hz in roughly 
cylindrical sampling volumes that were 8 x 10-3 m deep and had a horizontal foot print that 
varied in diameter from 0.90-to-0.93 m with increasing distance from the transducer.  Following 
each flow, the topography of the deposit was measured with a Keyence laser-scanning system 
using a 5 mm x 5 mm grid and a vertical resolution of 250 µm.  Each topographic map consisted 
of approximately 579,000 data points.  Isopach maps of the deposits were created by calculating 
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the difference in basin topography after each flow.  Aerial photographs were collected every 4 
seconds throughout the duration of each current, and were merged into videos of individual 
flows.  The head and body of the turbidity currents were imaged by releasing a pulse of red dye 
at the entrance box at 02:30 after the start of each flow.       
           After the eighth and final flow of each experiment, the basin was drained and the deposit 
was left to dry.  After drying, the deposit was manually sampled using a common grid at 52 
locations (Fig. 3.1B).  Samples of the turbidity currents and deposits were analyzed using 
equipment in the mineralogy laboratory at Colorado School of Mines.  Samples were split into 
representative 1g aliquots using a micro-rotary riffler.  Graphite particles that had a similar grain-
size distribution to the sediment were added to each sample in a 2:1 ratio.  Graphite served to 
separate individual grains, prevent density settling, and, in general, increase sample 
randomization.  The sediment-graphite mixture was mounted into 30-mm cups mixed with epoxy 
resin.  Mounted samples were polished to a 1-µm finish.   
           All samples were analyzed with QEMSCAN,.  Backscatter electron data were collected 
over a 4-cm2 area at a 2-µm pixel resolution.  Approximately 4,000-7,000 grains were analyzed 
per sample, depending on the grain size of the sample.  The three sediment components (AlOx, 
SLG, CG) were quantitatively differentiated using image-based software associated with 
QEMSCAN.  The difference in density between the SLG and AlOx, and the difference in shape 
between the spherical SLG and angular CG, allow the sediments to be distinguished from one 
another through backscatter-electron images alone (see Pyles et al., 2013, their Fig. 3).   
3.3.3.  Comparison to Previous Experiments 
This study differs from the study conducted by Pyles et al. (2013) in numerous ways, four 
of which are significant.  First, the grain sizes of the components in this study are smaller in 
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order to promote sedimentation from suspension rather than traction.  Second, the reduced grain 
sizes combined with longer runs times, created larger deposits that allowed for increased sample 
collection (52 samples per experiment) and a more comprehensive analysis of the deposits.  
Third, in this study, turbidity currents only had 2% excess density, which came entirely from 
suspended sediment.  The previous study had 4% excess density; 2% was from suspended 
sediment and 2% was from dissolved salt (CaCl2).  The lack of salt in this study allowed the 
flows to decelerate down-current, which more closely mimics natural processes where current 
velocity is linked to excess density supplied by suspended sediment.   Fourth, this study used 
siphons to collect sediment from the individual flows.  The siphon data provide essential 
information on the flow field in order to link turbidity current processes to deposition.  Fifth, this 
study conducted more extensive analyses of the texture of the resulting deposits.  
3.3.4.  Scaling 
           The experiments were conducted at a reduced scale relative to submarine transport 
systems.  Therefore, in order to compare the experimental results to natural systems, a scaling 
analysis was performed, which is similar to the analysis described in previous studies by Straub 
et al. (2008), Straub et al. (2011), and Pyles et al. (2013).  The scaling analysis has three 
components: 1) a geometric scaling of lobe topography, 2) a dynamic scaling of flow properties 
for estimating equivalence between the model and natural flows, and 3) a dynamic scaling of 
sediment transport, in order to roughly compare particle sizes being moved by the experimental 
currents to those in natural settings.  Data compare quite well with flows of natural systems (Xu 
et al., 2014), and a comparison of how our model compares to natural settings is presented in 
Table 3.2.   
47 
 
For all three experiments, there was a geometric scaling of 1:100 in the vertical direction 
and 1:2500 in the horizontal direction.  These scale factors result in natural lobe dimensions of 
24 m-thick by 5.5 km-long by 6 km-wide.  Flow properties can be compared using three 
dimensionless parameters, 1) densimetric Froude number (FrD) (Eqn. 4), 2) the ratio of particle 
settling velocity to the shear velocity (ws/u
*), and Reynolds’ number (Re) (Eqn. 3).  An 
approximate dynamic similarity between the model and a natural system is ensured by setting 
FrD(model) = FrD(prototype) (Graf, 1971).  This equality in densimetric Froude number is satisfied by 
prototype values of 	 , H, and T (current duration) of 9.5x 10-1 m/s, 14.5 m, and 1.5 h, 





(prototype).  ws was calculated for the SLG (experimental control) using equation 4 from 
Ferguson and Church (2004), where C1 and C2 equaled 0.4 and 18, respectively.  u*(model) was 




to velocity data collected with the PCADP, where K is von Karman’s constant and is equal to 
0.407, and Z0 is a roughness parameter equal to the elevation at which the extrapolated 
logarithmic velocity profile goes to zero.  u*(prototype) was estimated using the equation:  
 ∗  
(3.7)
where Cf is a dimensionless friction coefficient that has been estimated for field scale turbidity 
currents to be approximately 5.3 x 10-2 (Garcia, 1994; Parker et al., 1987) and (prototype) is set to 
9.5 x 10-1 m/s, which was the value estimated from the earlier Froude scaling.  The resulting 
value for the median grain size (D50) in the prototype system is 95 µm.  Finally, while 
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Reynolds’ numbers cannot be upscaled, the Re(model)  was sufficiently large (~ 14,000) to ensure 
fully turbulent flows.      
3.4.  Experimental Results 
           The following section documents the results of the three sets of experiments.  Results 
document large-scale differences in flow velocities, deposit area, and flow and deposit 
composition between the three experiments.     
3.4.1.  General Flow Properties 
           Aerial photographs and videos document that the experimental turbidity currents 
expanded laterally and longitudinally away from the entrance box (Fig. 3.2A).  The currents 
displayed billows and eddies on the edges of the flows, which are characteristic of turbidity 
currents (Simpson, 1969; Britter and Simpson, 1978).  In all three experiments, flows 1-4 were 
more elongate in the downstream direction than flows 5-8.  In flows 5-8, sediment deposited 
from earlier flows caused lateral deflection of the currents in front of the entrance box, which is 
similar to results documented by Parsons et al. (2002).  Vectors of the flow field decreased 
laterally and longitudinally away from the entrance box in a symmetrical, radially dispersive 
pattern (Fig. 3.2A), however, absolute velocity values varied between the experiments despite 
the fact that input velocities were the same.  For all three experiments, ADP velocity data 
recorded each flow to be bottom-hugging, density currents that were approximately 0.15m- thick 
near the entrance box, and had peak (Umax) velocities of 0.23-0.24 m/s (Fig. 3.2B).  Although the 
currents had uniform velocities at the entrance box, the shape experiment maintained the highest 
maximum velocities over the greatest distances, whereas maximum velocities for the density 
experiment decreased the fastest over a shorter distance (Fig. 3.2C).   Maximum velocities for 
the mixed experiment were in between the values for the density and shape experiments.           
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 Siphon data document that suspended-sediment concentrations decreased upward through 
the turbidity currents, and maximum concentrations generally decreased along a longitudinal 
profile (Fig. 3.3).   
3.4.2.  General Deposit Properties 
           Visual observations and laser topography scans indicate that turbidite deposits were 
radially symmetric, lobate in plan-view, had thick axes, and thinned toward the lateral and distal 
margins (Fig. 3.4).  The geometries of the experimental lobes were similar to geometries of lobes 
documented in natural, distributive submarine-fan settings (Normark, et al. 1979; Pirmez et al., 
2000; Beaubouf et al., 2003; Deptuck, et al, 2008).  Ripple marks formed on the top of the 
deposits, indicating some deposition by tractive processes. The ripples were located between the 
entrance box and extended laterally and longitudinally away from the entrance box for 
approximately 1.3 m x 1.25 m, respectively.  
           There was sediment ≤ 2 mm thick that covered the entire basin floor.  After the final flow 
for each experiment, the maximum lengths and widths at the 5 mm contour interval for the 
density, shape, and mixed deposits were 1.9 m × 2.1 m, 2.4 m × 2.9 m, and 2.2 m × 2.4 m, 
respectively (Fig. 3.4).  The aerial extent for the density, shape, and mixed deposits at the 5 mm 
contour interval was approximately 3.0 m2, 5.2 m2, and 4.2 m2, respectively; indicating that the 
area of the shape experiment was approximately 75% greater than that of the density experiment 
and 25% greater than the area of the mixed experiment, and that the area of the mixed 
experiment was approximately 40% greater than that of the density experiment.   
 In addition to plotting deposit isopach maps against an absolute length such as down- 
current distance, we have plotted the maps against χ(x).  χ(x) is a non-dimensional, volume- 
based coordinate system that is the fractional amount of supplied sediment deposited between the 
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sediment source at x = 0 and a distance x downstream (see Strong et al., 2005).  For example, at a 
χ(x) = 0.4, 40% of the sediment in the system is located updip of that site and 60% is located 
downdip.  Figure 3.4 documents that for all three experiments, 90% of the volume of sediment is 
deposited by approximately 2.5 m-2.7 m down current.  This volumetric calculation becomes 
important when analyzing patterns in mineral composition discussed below. 
The mean grain size of the deposits decreased away from the entrance box for all three 
experiments (Fig. 3.5), which is similar to results documented in other experimental studies 
(Middleton, 1967; Luthi, 1981; Garcia, 1994; Choux and Druitt, 2002).    
3.4.3.  Flow and Deposit Composition 
Quantitative analysis of samples from the turbidity currents and the resulting turbidites of 
all three experiments documents that the currents were effective at fractionating mineral grains 
on the basis of grain density and shape alone, resulting in large-scale variations in the 
composition of their deposits.   
Siphon samples from the density experiment had variable composition in the down-
current direction.  Samples from 2.1 m, 2.5 m, and 2.9 m down current document that the 
composition of suspended sediment in the flow was equal to the composition of the deposit at 2.5 
m, which equaled a χ(x) of 0.90 (90% of the volume of the deposit was located updip of this 
location) (Fig. 3.6A).  However, siphon data were incomplete due to problems with collection of 
three of the six samples located at 1.0 m, 1.3 m, and 1.7 m.  As such, patterns in flow 
composition in proximal locations were difficult to resolve.  We estimated the composition of the 
flow in proximal locations by extrapolating trends in distal locations, and interpret that the flow 




Data from samples of the deposit for the density experiment document a marked decrease 
in the proportion of dense particles in down-stream and cross-stream directions (Figs. 3.6A, 
3.6B).   In proximal locations, the proportion of dense particles relative to all particles sharply 
decreased from 0.5, the input condition, and reached an asymptote of 0.28 at 2.1 m down-
current, which equaled a χ(x) of 0.85.  Overall, there was a 45% decrease in the abundance of 
dense particles from the entrance box toward the lateral and distal margins of the deposit.   
Siphon data for the shape experiment document that in proximal locations, suspended 
sediment in the experimental turbidity currents consisted almost entirely of angular particles 
(Fig. 3.6A).  However, in down-stream locations, the proportion of angular particles in the 
current decreased until the composition of the current was equal with the composition of the 
deposit.  This occurred at 2.5 m, which equaled a χ(x) value of 0.88. 
Data from samples of the deposit of the shape experiment document a decrease then 
increase in the proportion of angular particles in down-stream and cross-stream directions (Figs. 
3.6A, 3.6B).   In proximal locations, the proportion of angular particles relative to all particles 
decreased from 0.50, the input condition, to 0.40.  The angular proportion then sharply increased 
and reached an asymptote of 0.62 at 2.5 m down-current, which equaled a χ(x) value of 0.88.  
Overall, there was a 55% increase in the abundance of angular particles from the entrance box 
toward the lateral and distal margins of the deposit.   
Results of the mixed experiment contain a combination of the spatial patterns in flow and 
deposit composition to the individual density and shape experiments.  Siphon data from the 
mixed experiment document that in the down-current direction, the proportion of dense particles 
in the flow decreased and the proportion of angular particles increased until the composition of 
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the flow and deposit were similar (Fig. 3.7A).  This occurred for both the dense and angular 
components at 2.1 m down current, which equaled a χ(x) value of 0.79. 
Data from samples of the deposit of the mixed experiment document that in proximal 
locations, the proportion of dense particles sharply decreased from 0.33, the input condition, and 
reached an asymptote of at 0.13 at 2.5 m down-current, which equaled a χ(x) value of 0.87 (Figs. 
3.7A, 3.7B).  Overall, there was a 60% decrease in the abundance of dense particles from the 
entrance box toward the lateral and distal margins of the deposit.  In contrast, in proximal 
locations, the proportion of angular particles decreased from 0.33, the input condition, to 0.26 
(Figs. 3.7A, 3.7B).  The angular proportion then sharply increased and reached an asymptote of 
0.56 at 2.5 m down-current, which equaled a χ(x) value of 0.87.  Overall, there was a 115% 
increase in angular particles from the entrance box toward the lateral and distal margins of the 
deposit.   
In summary, there are large-scale spatial changes in the composition of the experimental 
flows and deposits.  Additionally, patterns in mineral composition display a radial pattern, 
similar to current vectors, resulting in enrichment of dense grains in proximal and axial locations 
of the deposits, and enrichment of angular grains in lateral and distal locations (Figs. 3.6B, 
3.7B).   
3.4.4.  Grain-Size Distributions and Hydrodynamic Equivalence 
In addition to spatial changes in deposit composition, results document down-current 
differences in the mean grain size of the three components, and differences in hydrodynamic 
equivalence. 
Differences in the mean grain size for the dense and light components for the density 
experiment displayed the same downstream patterns, where at all locations denser grains were 
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smaller than adjacent lighter grains (Fig. 3.8A).  Particle settling velocities were calculated using 
Equation 1 (Ferguson and Church, 2004).  The values used for C1 and C2 were 18 and 0.4, for the 
dense and light components, respectively.  Graphs of particle settling velocity document that 
dense and light populations align at approximately 1.7 m down-current, (χ(x) = 0.70), meaning 
that hydraulic equivalence (sensu Rubey, 1933) is reached at that point (Fig. 3.8A).   
Differences in the mean grain size for the angular and round components for the shape 
experiment had variable downstream trends.  In proximal locations, round grains were larger 
than adjacent angular grains; in medial locations, round grains and angular grains were equal in 
size; and in distal locations, angular grains were larger than adjacent round grains (Fig. 3.8B).  
Particle settling velocities were calculated from Equation 1 (Ferguson and Church, 2004).  
Values used for C1 and C2 for the angular and round components were 22 and 1.2, and 18 and 
0.4, respectively.  Plots of calculated particle settling velocities align at approximately 3.7 m 
down-current, which equaled a χ(x) of 0.98 (Fig. 3.8B). 
Differences in the mean grain size for each mineral component for the mixed experiment 
display variable downstream trends.  In all locations, dense particles are smaller than adjacent 
round, light particles and angular, light particles (Fig. 3.8C).  However, in proximal locations, 
round, light grains are larger than adjacent angular, light grains, but in distal locations, round, 
light grains are equivalent to angular, light grains.  Plots of calculated particle settling velocities 
also show variable trends downstream.  The dense and light round grains are in close 
hydrodynamic equivalence along the entire longitudinal profile, however, the light angular grains 
don’t align with the other two components until 3.7 m down-current, which equaled a χ(x) value 
of 0.97 (Fig. 3.8C). 
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3.4.5.  Deposit Sorting 
Spatial changes in deposit sorting (σ) were analyzed by using the inclusive graphic 







where ϕ84, ϕ 16,	ϕ 95, and ϕ 5 represent the phi values at the 84th, 16th, 95th, and 5th 
percentiles.  For all three experiments, there was a downstream increase in the inclusive graphic 
standard deviation of grain size, which indicates that deposit sorting decreased from proximal to 
distal locations (Fig. 3.9).   
3.5.  Discussion 
           The following section integrates the observations and results of this study into 
discussions of how sediment gravity flow processes affect the spatial distribution of minerals and 
texture in turbidite deposits.   
3.5.1.  Mineral Fractionation and Deposit Area 
           Bonnecaze et al. (1993) document that for a series of experiments with low sediment 
concentration volumes (0.5% - 2.0%), flows with higher excess densities had faster and more 
sustained flows.  Additionally, Gladstone et al. (1998) document that adding a small amount of 
fine-grained sediment to a turbidity current increases flow velocity and run-out distance, because 
the fines allow the current to maintain excess density over longer distances.  In this study, the 
three experiments had similar maximum velocity values at the entrance box (~0.24 m/s) (Fig. 
3.2B); however the shape experiment maintained the highest velocities over the longest 
distances, while velocities in the density experiment decreased the fastest (Fig. 3.2C).  This 
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pattern is interpreted to reflect the differences in settling velocities between the three components 
due to their respective densities and shapes (Fig. 3.1D).   
We interpret that due to their higher density, and therefore faster settling velocity, the 
denser AlOx grains dropped out of suspension more quickly in proximal areas than the lighter 
SLG beads (Fig. 3.6A), resulting in an abrupt reduction in excess density as the flows traveled 
down current.  As the excess density of the current decreased, the momentum of the flow was 
reduced, resulting in decreased velocities compared to the other two experiments, which had 
angular particles with comparatively lower settling velocities.  For the shape experiment, 
although the round and angular grains had the same density and similar grain-size distributions, 
we believe that increased drag forces acting on the angular grains reduces their settling velocity 
compared to the other grains (Fig. 3.6A), thereby maintaining the excess density of the flow and 
the flow velocity.  Velocities of the currents in the mixed experiment were spanned the range of 
velocities of the density and shape experiments because the currents were composed of a mixture 
of all three components.  The decrease in excess density from the deposition of dense grains was 
countered by the increased suspension of angular grains.  Importantly, the velocities of the mixed 
currents are not simply the average of the velocities from the individual density and shape 
experiments, indicating that velocities in multi-component systems have multiple mechanisms 
operating at the same time.   
           The difference in flow velocities in the three experiments is directly related to the aerial 
extent of their deposits.  The currents in the shape experiment maintained higher velocities over 
longer distances than the other experiments, resulting in a depositional area that was 75% greater 
than that of the density experiment and 25% greater than that of the mixed experiment.  The 
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depositional area is intermediate to the density and shape experiments, which most likely 
correlates to the intermediate velocities of the mixed flows.    
           Here we document that angular, sand-sized grains (when upscaled) offer similar 
hydrodynamic benefits to mud-sized grains, which is a similar conclusion to Pyles et al. (2013).  
Turbidity currents, therefore, do not necessarily need mud to create sustained currents and larger 
deposits.  Currents simply need sufficiently angular grains to maintain the excess density of the 
current, which sustains velocities and increases run-out distance.  This may be particularly 
important in active margin settings where grains are characteristically angular due to their short 
residence time as currents travel from source to sink.  
3.5.2.  Mineralogical Variability in Turbidite Deposits 
           Results of this study document that turbidity currents are effective at fractionating or 
sorting particles by grain density and shape alone.  Relatively high density particles (of the same 
shape and similar size to low-density particles) decreased in abundance toward the lateral and 
distal margins of the deposit, whereas relatively angular particles (of the same density and 
similar size to round particles) increased in abundance (Figs. 3.6, 3.7).  Importantly, for all three 
experiments, the amount of fractionation reached an asymptote at a χ(x) value of ~0.85 - 0.90.  
Fractionation is most pronounced in proximal and axial regions of the deposits probably because 
this is the location where the greatest differences in settling velocities among the three sediment 
types existed (Fig. 3.1D, Table 3.1).  Fractionation reaches an asymptote in distal areas, because 
for the finest 10%-15% of sediment, settling velocities equilibrate between the three components 
(Fig. 3.1D).  Fractionation can only occur if particle settling velocities are different, and we show 
that differences in grain density and shape are significant enough to allow this process to occur.  
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3.5.3.  Settling Velocity and Hydrodynamic Equivalence 
           Downstream variations in the composition of the experimental deposits (Figs. 3.6, 3.7) 
are coupled with downstream differences in the mean grain size of the three components as well 
as difference in settling velocity equivalence (Fig. 3.8).  For the density experiment, plots of 
particle settling velocity for the dense and light particles align in proximal locations, indicating 
that hydrodynamic equivalence was achieved shortly after the currents entered the basin (Fig. 
3.8A).  In contrast, for the shape and mixed experiments, plots of particle settling velocities for 
the respective components did not align until distal locations, indicating that hydrodynamic 
equivalence isn’t achieved as quickly (Figs. 3.8B, 3.8C).   
We interpret the variability in grain sizes and lag in hydrodynamic equivalence to be the 
result of two mechanisms (Fig. 3.10).  The first mechanism relates to near-bed sediment 
concentrations.  Although the currents started with 2% excess density relative to the ambient 
fluid, there is stratification within the currents (Fig. 3.3), whereby there is a dense basal layer of 
fluid and sediment coupled with a less dense, mixed region above it (Kneller and Buckee, 2000).  
Furthermore, rapid deposition of sediment just outside of the entrance box in proximal locations 
caused near-bed sediment concentrations to increase well above 2%.  Near-bed sediment 







where ΔE is the change in deposit thickness between flows 7 and 8, ΔT equals the duration of 
flow 8, and  is the average settling velocity of the mineral components.  In proximal locations, 
near-bed sediment concentrations for the three experiments ranged between approximately 7% - 
16%, whereas in medial and distal locations, concentrations ranged from approximately 0.1% - 
2% (Fig. 3.10A).   The high near-bed concentrations in proximal locations most likely prevents 
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particles to settle according to their respective fall velocities, possibly due to hindered settling of 
grains, which is caused by the upward displacement of water as grains fall downward.  
Furthermore, dispersive pressure, which is caused by grain-on-grain collisions, could also be 
operating.  In experiments on the effects of grain density, Druitt (1995) and Choux and Druitt 
(2002) document that a combination of hindered settling and buoyancy effects at sediment 
concentrations of > ~10% caused the upward segregation of light components during settling, 
resulting in pronounced departures from hydrodynamic equivalence in the resulting deposit.  For 
the experiments in this study, the rapid deposition of high-density, spherical particles and/or 
larger, low-density angular particles may have caused the upward movement of water to provide 
a lift force for smaller and lighter SLG and CG particles that would have otherwise settled out of 
the currents (Fig. 3.10B).  However, the lift forces can only occur if the upward velocity of the 
water is greater than the settling velocity of the particle.  In distal locations, near-bed sediment 
concentrations were low (Fig. 3.10A), and particles were most likely able to fall according to 
their respective settling velocities, which were in hydrodynamic equivalence (Fig. 3.10B).   
Additionally, experiments by Garcia (1994) document that in turbulent flow, finer grains 
are distributed more uniformly in the vertical direction than coarser grains, and coarser grains are 
highly concentrated at the base of the flow.  The stratification in grain size in the flow 
documented by Garcia (1994) can be compared to the stratification in dense and angular grains 
in the flows from this study (Figs. 3.6A, 3.7A).  Dense grains in the density experiment and 
round grains in the shape experiment only constitute a minute fraction of the grains in the flows 
from each respective experiment, indicating that dense grains and round grains are dropping out 
of suspension at the expense of light and angular grains.  
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The second mechanism that is interpreted to cause the documented variability in grain 
sizes and lag in hydrodynamic equivalence is related to the effects of grain shape in turbulent 
eddies.  For this study, calculations for particle settling velocity were made using equation 4 
from Ferguson and Church (2004), which has been shown to fit well with other particle settling 
equations and to other published experimental data.  However, this equation was designed for 
grains settling in a quiescent fluid at low Reynolds’ numbers, and therefore does not adequately 
account for the effects of particle shape in turbulent flow at high Reynolds’ numbers.  Ferguson 
and Church’s equation only accounts for turbulence associated with drag of the wake behind an 
individual grain (particle turbulence where Rep ≥ 1), but it does not account for the influence of 
shape- and orientation- dependent drag and lift forces on the motion of particles in turbulent 
eddies.  For example, Hodson and Alexander (2010) postulate that experimental settling velocity 
data for carbonate grains differs from curves predicted by Ferguson and Church’s equation 
because of grain-shape effects, particularly at coarse grain sizes.   
Spherical particles have little to no secondary motion associated with their trajectories 
and assume no preferred orientation in a turbulent flow (Mandø and Rosendahl, 2010).  
Therefore, at any given time in the suspension of a spherical particle in a turbulent fluid, the area 
of the particle that is normal to the direction of the eddy is the same, and the surface area that is 
exposed to lift and drag forces is, therefore, the same (Fig. 3.10C).  However, non-spherical, 
angular particles are associated with shape-induced lift, orientation-dependent lift and drag 
forces, significant secondary motion associated with grain rotation, and may assume a preferred 
orientation depending on the regime of motion (Mandø and Rosendahl, 2010).  So, at any given 
time in the suspension of a non-spherical particle in a turbulent fluid, the orientation of the 
particle may be different, and the surface area that is exposed to lift and drag forces is, therefore, 
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different, resulting in erratic settling velocities (Fig. 3.10C).  For all three experiments, 
Reynolds’ numbers were highest in proximal and axial locations, indicating that fluid turbulence 
was the greatest, whereas Reynolds’ numbers diminished toward the lateral and distal margins.  
The effect of turbulence on non-spherical particles, was, therefore probably greatest near the 
entrance box, which is why particles didn’t reach hydrodynamic equivalence until distal regions 
in the shape and mixed experiments.   
3.5.4.  Grain Sorting 
This is the first experimental documentation of a basin-wide decrease in sorting away 
from a point source (Fig. 3.9).  As turbidity currents hydraulically sort minerals based on their 
respective settling velocities, smaller, denser grains are juxtaposed with larger, lighter grains, and 
smaller, rounder grains are juxtaposed with larger, angular grains.  This juxtaposition is 
enhanced the longer the flows have the ability to hydraulically sort the grains, which results in 
decreased sorting down-current.   In a one-component system, such as the experiments of Luthi 
(1981), sorting improves down-current because grains are deposited based on grain size alone.  
However, once multiple grain-components are introduced to the system, grain density and shape 
become increasingly important.  A decrease in sorting in the down-current direction has 
implications for reservoir quality in turbidite hosted strata, which is discussed below. 
3.6.  Implications for Turbidites in Natural Systems 
          Spatial variations in composition and texture resulting from mineral fractionation have 
implications for a variety of geoscience problems associated with turbidites in natural systems 
(Pyles et al., 2013).  First, mineralogical variability can affect the way provenance studies are 
conducted and the way the data are interpreted.  Figure 3.11 is a ternary diagram of deposit 
composition along a longitudinal profile for the density (right axis), shape (bottom axis), and 
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mixed (center) experiments.  Mineral fractionation due to grain density and grain shape results in 
compositions that plot in very different realms of the ternary diagram.  For example, the deposit 
of the mixed experiment is enriched in high-density and low-density spherical particles in 
proximal locations, but becomes enriched in low-density, angular particles in medial and distal 
locations.  If one were to conduct a provenance study based on data collected from turbidites, 
results might differ depending on whether you were sampling in proximal, medial, or distal 
locations in a turbidite lobe.   
Second, this study documents a basin-wide decrease in sorting away from a point source, 
which has implications for reservoir quality (porosity and permeability) in turbidite-hosted strata.  
As sorting decreases, so does porosity and permeability (Beard and Weyl, 1973), which reduces 
the storage capacity and recoverability of fluids in turbidite-hosted reservoirs.   
Third, results from this study document that in the absence of basin confinement and/or 
basin-floor obstacles, turbidite thickness and mineral composition exhibit a nearly symmetrical, 
radial pattern; meaning that results documented along a longitudinal transect (proximal-to-distal) 
of the deposit are the same as results documented along a lateral (axis-to-margin) transect.  This 
spatial relationship, which is similar to results document by Pyles et al. (2013), can be helpful 
when interpreting and predicting data from turbidites in outcrop or the subsurface.   
Finally, the compensational stacking of turbidite lobes (e.g., Straub and Pyles, 2012) is 
well documented in both outcrop and seismic studies (Normark et al., 1979; Gervais, 2006; 
Pyles, 2007; Deptuck et al., 2008; Prelat et al., 2009; Fleming, 2010).  Compensational stacking 
results in the vertical juxtaposition of proximal and axial parts of lobes with the lateral and distal 
margins of stratigraphically adjacent lobes.  This study documents that mineral composition and 
texture can be highly variable depending on spatial position within a lobe.  Compensation, may 
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therefore, serve to vertically juxtapose different proportions of minerals that characteristically 
alter during diagenesis. 
3.7.  Conclusions 
This study uses measurements from physical experiments to document that turbidity 
currents are effective at fractionating minerals on the basis of grain density and grain shape 
alone, resulting in large-scale spatial variations in the size, composition, and texture of their 
deposits.  The following is a summary of significant results and conclusions from this study: 
1) Compared to the density and mixed experiments, the shape experiment maintained 
maximum velocities for the longest distances, which resulted in a deposit with the longest 
run-out distance and greatest aerial extent.  We conclude that angular sand-sized grains 
offer similar hydrodynamic benefits as clay due to their relatively lower settling velocity 
compared to rounder grains of the same size and density. 
2) For all three experiments, the mean grain size of the deposits decreased in a radial pattern 
away from the entrance box, although sorting decreased. 
3) In proximal and axial locations, turbidite lobes were relatively enriched in dense and/or 
round grains, whereas the lateral and distal margins of the deposits were relatively 
enriched in light and/or angular grains, resulting in in large-scale variability in the 
composition of the deposits.   
4) The mean grain size of the high-density, spherical AlOx beads was finer than the mean 
grain size of both the low-density, spherical SLG and low-density, angular CG at all 
locations.  In proximal locations, the mean grain size of the SLG was coarser than the 
CG, but in distal locations this trend reverses.  This process resulted in a down-stream 
decrease in deposit sorting. 
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5) Deviations in hydrodynamic equivalence between the round and angular mineral 
components are interpreted to reflect two mechanisms: a) high near-bed sediment 
concentrations where hindered settling processes may occur, and b) the inadequacy of 
current settling velocity equations to account for the complexity of grain shape in high 
Reynolds’ number (fully turbulent) flows.       
 
Results of this study have important implications for numerous geological problems 
including the interpretation of data in a provenance study, spatial variability in porosity and 
permeability in subsurface reservoirs, and the interpretation and prediction of data in 
turbidite systems.  
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Figure 3.1.  A) Side-view diagram of the deep-water basin and associated experimental 
equipment including a mobile data collection carriage.  The basin is 6 m-long x 4 m-wide x 2.2 
m-deep, and is surrounded by a 0.5 m moat with perimeter drains.  Sediment was mixed in a 655 
gallon mixing tank and pumped into a constant head tank before entering the basin. B) Plan view 
diagram of the basin showing the locations of velocity data collected by the acoustic Doppler 
profiler (ADP), and locations of samples collected from siphons and from the deposits.  C) 
Grain-size distributions and D) particle settling-velocity distributions for the alumina-oxide 





Figure 3.2.  A) Plan-view image of an experimental turbidity current (dyed red) from the shape 
experiment overlain by current vectors of maximum velocity (Umax).  The yellow star indicates 
the location for data displayed in Figure 3.2B.  B) Graph of upward velocity profiles for the three 
experiments at the entrance box.  The initial velocity and thickness of the currents were the same 







Figure 3.3.  Sediment concentration profiles of flows from the mixed experiment along a 






Figure 3.4.  Isopach maps of the experimental deposits after the final flow of each experiment.  
Downstream distance is displayed in absolute distance (mm) at the bottom of the maps, and a 






Figure 3.5.  Maps of mean grain size (D) for all three experiments documenting a radial decrease 






Figure 3.6.  A) Graphs of mineral proportions for the density and shape experiment along longitudinal (left) and lateral (right) profiles.  
The graph of the longitudinal profiles documents mineral proportions from the experimental flows and deposits.  Lines are dashed 
where approximated.  For the density and shape experiments, round, dense grains and angular, light grains are the test (Vt), 
respectively, whereas round, light grains are the control (Vc). B) Maps of mineral proportions from the experimental deposits of the 





Figure 3.7.  A) Graphs of mineral proportions from the mixed experiment along a longitudinal (left) and lateral (right) profile.  The 
graph of the longitudinal profiles documents mineral proportions from the experimental flows and deposits.  Round, dense grains and 
angular, light grains are the tests (Vta, Vtb), whereas round, light grains are the control (Vc).  B) Maps of mineral proportions from the 





Figure 3.8.  Graphs and schematic images of mean grain size (left) and mean particle settling 
velocities (right) along a longitudinal profile (Y=2000 mm) for the density (A), shape (B), and 






Figure 3.9.  Plot of the inclusive graphic standard deviation (σ) of grain size for all three 
experiments.  This measurement is a proxy for deposit sorting, whereby higher standard 






Figure 3.10.  A) Near-bed (<1 mm) sediment concentration values for all three experiments 
down the centerline of the basin (Y=2000 mm).  B) Schematic diagrams of near-bed particles in 
proximal and distal locations.  Concentrations and grain sizes are diagrammatically correct.  
High near-bed concentrations in proximal locations causes reduced or hindered settling of grains, 
which is the result of the upward displacement of water (blue wavy lines) as grains fall 
downward.  Particles fall according to their respective settling velocities in distal locations 
because the sediment concentration is sufficiently low that little water is displaced as the grains 
fall.  C) Diagram showing the effect turbulent eddies have on spherical (top) and angular 
(bottom) particles.  Because spherical grains are isotropic in shape, the effect of an eddy is 
uniform on the grain.  However, for angular particles, turbulence has varying effects on a grain’s 





Figure 3.11.  Ternary plot of deposit composition along a longitudinal transect (Y=2000 mm) for 
the density (right axis), shape (bottom axis), and mixed (center) experiments.  The plot 
documents large-scale spatial variations in mineral composition from the starting condition, to 
proximal, medial, and distal locations within each deposit.  Round, soda-lime glass = SLG, 






Table 3.1.  Characteristics of grains in the experiments.  4,000-5,000 grains were analyzed for 
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SPATIAL VARIABILITY IN FACIES AND MINERALOGY IN DEEP-WATER LOBE 
STRATA: QUANTITATIVE OUTCROP ANALYSIS OF THE POINT LOMA 
FORMATION, SAN DIEGO, CALIFORNIA 
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Jane G. Stammer and David R. Pyles 
 
4.1.  Abstract 
This study uses measurements from the Late Cretaceous Point Loma Formation, San 
Diego, CA to document spatial variability in facies and mineralogy within deep-water lobes.  
Outcrops of the Point Loma Formation contain world-class exposures of turbidite lobes 
deposited in a distributive channel-lobe system.  Significant axis-to-margin changes in physical 
stratigraphy and mineralogy are evident.  First, facies laterally transition from dominantly 
structureless sandstones in the lobe axis, to argillaceous sandstone with organic matter and mud 
clasts in the lobe off-axis, to organic-rich, rippled, sandy argillite in the lobe margin.  This spatial 
pattern is interpreted to reflect a transition in sediment support mechanism and mode of 
deposition, reflecting lateral changes in flow processes from more turbulent to more laminar 
flow.  Second, there is an increase in K-feldspar, plagioclase, and biotite relative to quartz, and a 
decrease in hornblende relative to quartz along an axis-to-margin transect of the lobe element 
and one of its constituent beds.  This is interpreted to reflect hydrodynamic fractionation of 
minerals based on grain size, grain density and grain shape.  Calculations of particle settling 
velocities document that grains are in hydrodynamic equivalence in the lobe axis, deviate from 
equivalence in the lobe off-axis, and return to hydrodynamic equivalence in the lobe margin.  
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The spatial changes in facies and mineralogy documented in this study have important 
implications for exploration and reservoir quality in turbidite-hosted reservoirs. 
 
4.2.  Introduction 
Submarine fans are common hydrocarbon reservoirs in deep-water basins around the 
globe (Weimer and Pettingill, 2007).  They contain compensationally stacked channel-lobe 
elements that form a radially dispersive map pattern (Fig. 4.1A).  Seismic and outcrop studies 
document that individual lobes are sand-rich, generally lobate in plan-view, have high aspect-
ratios (~ 1,000:1), and contain strata that become thinner and finer grained toward lateral and 
distal margins (Bouma, 1962; Normark et al., 1979; Posamentier and Kolla, 2003; Pyles, 2007; 
Deptuck et al., 2008; Prelat et al., 2009; Fleming, 2010; Straub and Pyles, 2012).   
Turbidity currents, a type of sediment gravity flow, are one of the main processes by 
which sediment is transported from the shelf to intra-slope- and basin-floor submarine fans.   
Outcrop (Bouma, 1962; Amy et al., 2005; Hodgson et al., 2006; Pyles, 2007) and experimental 
studies (Kuenen and Migliorini, 1950; Middleton, 1967; Luthi, 1981) document that, in general, 
turbidite beds are graded in the upward and down-current direction.  Grading occurs as a 
turbidity current exits the confinement of a channel and enters the lobe, a region lacking lateral 
confinement, and laterally expands and decelerates, reducing the sediment transport capacity of 
the current.  Consequently, coarser grains are deposited in proximal and axial locations within a 
lobe, and grain size decreases toward the lateral and distal margins (Bouma, 1962; Luthi, 1981, 
Pyles et al., 2013). 
           Particle settling velocity is primarily controlled by grain size (Stokes, 1851; Rubey, 
1933a; Dietrich, 1982; Ferguson and Church; 2004).  However, previous studies have shown that 
grain density (Rubey, 1933b; Rittenhouse, 1943; Hand, 1967; Maiklem, 1968; Lovell, 1969; 
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Lowright et al., 1972; Dietrich, 1982; Ferguson and Church; 2004), and grain shape (Briggs et 
al., 1962; Barrett, 1980; Hallermerier, 1981; Dietrich, 1982; Winklemolen, 1982; Goldberry and 
Richardson, 1989; LeRoux, 2004; Ferguson and Church; 2004; LeRoux, 2005) also contribute to 
settling velocity.  Specifically, spherical, low-density particles have lower settling velocities than 
spherical, high-density particles of equivalent volume (Fig. 4.1B).  Similarly, angular particles 
have lower settling velocities than spherical particles of the same density and volume due to 
increased drag forces.  Importantly, each of the common sandstone forming minerals has 
different densities due to chemical composition, and different shapes due to crystal form and 
cleavage (Fig. 4.1C).  For example, K-feldspar is less dense than quartz and tends to have an 
elongate, blocky shape due to its near 90o cleavage.  Quartz is denser than K- feldspar, and tends 
to have an ellipsoid shape because it lacks cleavage and conchoidally fractures.  Biotite and 
muscovite are denser than K-feldspar and quartz, and have a micaceous or platy habit due to 
their single, perfect cleavage plane.   
In a recent study, Pyles et al. (2013) and Stammer et al. (in review, Chapter 3) used 
measurements from physical experiments to document, for the first time, that turbidity currents 
are effective at fractionating minerals on the basis of grain density and grain shape alone, 
resulting in large-scale spatial variations in the composition of their deposits. The experimental 
results document that in proximal and axial locations, turbidite lobes are relatively enriched in 
dense and/or round grains, whereas the lateral and distal margins of the deposits are relatively 
enriched in light and/or angular grains.  This study uses outcrop measurements of the Cretaceous 
Point Loma Formation, San Diego, California to document how this process operates in a natural 
system.   
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The Point Loma Formation is an ideal place for testing how turbidity currents spatially 
fractionate grains on the basis of grain density and shape.  Outcrops of the Point Loma 
Formation contain well-exposed turbidite lobes deposited in a distributive channel-lobe system 
(Fleming, 2010).  Beds within lobes are laterally extensive for hundreds of meters and 
paleocurrents are oriented perpendicular to the exposed outcrop (Maytum and Elliot, 1970; 
Tucker and Kimzey, 1979; Yeo, 1982; Fleming, 2010) (Fig. 4.2A).  As such, the sea cliff 
exposures are depositional strike-oriented profiles through the system.  This study is focused on 
a single lobe element (sensu Straub and Pyles, 2012) and one of its constituent beds. 
The goals of this study are to: 1) document axis-to-margin patterns in the physical 
stratigraphy and mineralogy of a lobe element and a constituent bed, 2) relate spatial changes in 
physical stratigraphy and mineralogy to sediment gravity-flow processes, and 3) discuss 
implications of how this process relates to spatially variable reservoir quality in turbidite-hosted 
reservoirs.  Understanding how turbidity-current processes relate to spatial changes in turbidite 
composition has important implications for addressing several challenges in subsurface reservoir 
quality, including vertical reservoir connectivity, facies distributions, and porosity and 
permeability.   
4.3.  Geologic Setting 
The Campanian to Maastrichtian (Sliter, 1968; Sundberg, 1979) Point Loma Formation is 
exposed along sea cliffs in San Diego County, southern California from La Jolla Bay to the 
southern tip of the Point Loma Peninsula (Fig. 4.2A).  The Point Loma Formation was first 
described by Kennedy and Moore (1971), and it is the middle unit of a basin-fill succession that 
collectively builds the Cretaceous Rosario Group (Fig. 4.2B).  The type section of the Point 
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Loma Formation is located at the southern end of the Point Loma Peninsula, where it is 
documented to be 83 m thick (Kennedy and Moore, 1971; Nilsen and Abbott, 1981; Yeo, 1982). 
The formations of the Rosario Group were deposited in a forearc basin during the 
subduction of the Farallon plate under the North American plate (Atwater, 1970; Nilsen and 
Abbott, 1979; Yeo, 1984).  The basin was located west of a magmatic arc that was emplaced, 
uplifted, and exhumed during subduction, and now forms the Peninsular Ranges (Girty, 1987; 
Kimbrough et al., 2001).  Petrographic and provenance studies of the Point Loma Formation 
document that the sandstones are mineralogically and texturally immature, first-cycle sediments 
derived from a mixed source of plutonic, metamorphic, and volcanic rocks that are currently 
exposed in the nearby Peninsular Ranges (Jones and Peterson, 1973; McDonough, 1979; 
Swenson et al., 1979; Yeo, 1982; Girty, 1987).   
The Rosario Group contains both marine and non-marine strata and is subdivided into 
three formations (Fig. 4.2B): the Lusardi, Point Loma, and Cabrillo Formations.  The lowermost 
Lusardi Formation consists of coarse boulder conglomerates that are interpreted to reflect 
deposition on alluvial fans by fluvial and debris-flow processes (Peterson, 1970).  The Lusardi 
Formation is unconformably overlain by the marine Point Loma Formation, which is the focus of 
this study.  Point Loma Formation strata consist of laterally continuous sediment gravity flow 
deposits including slumps, debrites, turbidites, and co-genetic debrite-turbidites.  The turbidite 
strata, in particular, consist of thick (up to 5m), amalgamated sandstone beds, argillaceous 
sandstones, interbedded sandstones and mudstones, and organic-rich mudstones.  Paleocurrent 
data indicate a west to west-northwest sediment transport direction (Maytum and Elliott, 1970; 
Yeo, 1982; Fleming, 2010, Fig. 4.2A).  The Point Loma Formation is overlain by the marine 
Cabrillo Formation.  The Cabrillo Formation consists of massive sandstone, interbedded 
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sandstone and mudstone, and boulder-to-cobble conglomerates, and is interpreted to reflect 
deposition in proximal regions of a submarine fan (Jones and Peterson, 1973; Nilsen and Abbott, 
1981; Yeo 1982). 
The study area is located west of the primary structural features in the San Diego area, 
which are the Rose Canyon Fault Zone and associated syncline centered at Mission Bay (Fig. 
4.2A).  The Rose Canyon Fault Zone is a right lateral strike-slip fault that separates Cretaceous 
strata on the west from Eocene strata on the east (Peterson, 1970; Kennedy, 1975).  Cretaceous 
strata that outcrop from La Jolla bay to the Point Loma Peninsula are relatively undeformed 
(Kennedy, 1975), although some small-scale faults are exposed in the study area, and beds have 
shallow dips between 0° and 11°.   
Fleming (2010) studied outcrops of the Point Loma Formation on the Point Loma 
Peninsula, and interprets the stratigraphic succession to represent the compensational stacking of 
27 lobe elements, such as those depicted in Figure 4.1A, and four mass transport deposits.  The 
mean aspect ratio of lobe elements in the Point Loma Formation is ~ 1700:1 (Fleming, 2010), 
which is similar to ratios documented in other distributive channel-lobe systems (Pyles, 2007; 
Deptuck et al., 2008).  This study is focused on one exceptionally well-exposed lobe element in 
the Point Loma Formation that is located along the middle section of the west coast of the 
Peninsula (Figs. 4.2A, 4.3).   
4.4.  Data and Methods 
 This paper uses the hierarchical designations of Pyles and Straub (2012), and focuses on 
the architectural description of a single lobe element and one of its constituent beds.  A bed is 
defined as the result of a single depositional event (Campbell, 1967), such as a turbidite bed 
resulting from one turbidity current.  Individual beds have depositional axes located in the same 
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place, and stack together into larger hierarchical units to form bedsets or stories.  Bedsets stack to 
form lobe elements.  A lobe element is defined as a tabular unit that has a planar to weakly 
erosional lower-bounding surface, an aspect ratio of ~1000:1, and a convex-upward, upper-
bounding surface (Pyles, 2007).  Boundaries between stratigraphically adjacent elements record 
abrupt and relatively large-scale changes in the location of the element axes, lithofacies, bedding 
style, and paleocurrent direction (Straub and Pyles, 2012).  This study documents axis-to-margin 
variations in physical stratigraphy and mineralogy of a single lobe element and one of its 
constituent beds. 
Two data sets were collected to address the goals of this research.  The first data set 
documents the physical stratigraphy of the bed and element and includes: 1) photopanels 
acquired with Gigapan® that document mm-scale characteristics of the studied interval; 2) 10 
stratigraphic columns that document primary and secondary sedimentary structures, and grain 
size at cm-scale resolution; and 3) laser rangefinder and GPS measurements that record stratal 
thickness of the studied interval.  These data were integrated to document the spatial 
distributions of 10 facies (Fig. 4.4) on a detailed cross section (Fig. 4.5).  The second data set 
documents mineralogy of the bed and element and includes: 1) 15 hand samples collected from 
the lowermost bed of the element at a location 5 cm above the base of the bed; and 2) 23 hand 
samples of the lobe element collected at five locations recording an upward transect through the 
lobe element, where five of the samples are the same samples from the bed.  These data were 
used to document the spatial distribution in mineralogy, grain size, and grain shape, and total 
organic carbon (TOC) content from axis-to-margin of the bed and lobe element.     
           All hand samples were made into thin sections and analyzed for texture and mineralogy 
using standard optical petrography and QEMSCAN at Colorado School of Mines.  QEMSCAN 
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is an automated, SEM-based analytical tool that quantitatively documents mineralogy and texture 
(Fig. 4.6A).  Backscatter electron data and X-ray data are acquired from the thin section, which 
provides enhanced, rapid, and quantitative measurements of mineral percentages.  The standard 
analytical operating conditions for QEMSCAN are an accelerating voltage of 25 kV, a specimen 
current of 5 nA, and a working distance of ~22 mm.  Each sample was analyzed over an area of 1 
cm2 at a 10-µm resolution.  The samples are lithic poor (<10%), however any polymineralic 
lithic grains that were identified were removed from the data sets using iDiscover software.  
Samples from the bed were analyzed for TOC-content using a source rock analyzer at Colorado 
School of Mines.  Rock samples were pulverized, passed through a 40-mesh sieve, and heated to 
600 ºC.  TOC was recorded as weight percent of the rock.        
            Grain size and grain shape parameters were calculated using imageJ software.  
For 10 samples of the lowermost bed, 300 grains were digitally extracted from SEM images of 
thin sections.  The following grain parameters were measured: area (A), perimeter (P), length of 
the major axis of the best fitting ellipse (Dmax), and length of the secondary, minor axis of the 
best fitting ellipse (Dmin) (Fig. 4.6B).  These parameters were used to calculate: a) nominal grain 
diameter: 2((A/ π)0.5); b) grain circularity: 4π(A/P2); and c) aspect ratio: (Dmax/Dmin).  Particle 
settling velocities (ws) were calculated for quartz, K-feldspar, plagioclase, biotite, hornblende, 









	and 	are particle and fluid density, respectively, g is acceleration due to gravity, D is 
particle diameter, v is kinematic viscosity of the fluid, and C1 and C2 are constants that account 
for particle shape and drag forces, respectively. 
4.5.  Physical Stratigraphy 
Lateral variations in physical stratigraphy of the lobe element and its lowermost bed are 
described below.  For purposes of descriptive simplicity, the lobe element and its constituent 
beds are divided into three geometric regions: axis, off-axis, and margin (Figs. 4.3, 4. 5, 4.7).  
The axis of the lobe element is the middle portion of the lobe where it is thickest.  This location 
is labeled in figures 4.3, 4. 5, and 4.7.  The margin is lateral to the axis where the lobe element 
thins to its terminus.  The off-axis is a transitional region between the axis and the margin of the 
lobe element.  The axes of constituent beds within a lobe element are superimposed, following a 
pattern described by Straub and Pyles (2012).  As such, spatial changes in physical stratigraphy 
that occur within the lowermost bed of the element also occur within the element itself.  The 
dominant sediment-transport direction is perpendicular to the outcrop (Fig. 4.7), which exposes a 
depositional strike-section of the lobe.  Only the southern two-thirds of the lobe element is 
exposed in the study area because the northern half is truncated by a fault (Figs. 4.3, 4.5, 4.7).  
Based on the assumption of lobe symmetry, descriptions and quantitative analysis of strata from 
north of the thickest part of the lobe element (labeled) are extrapolated to the southern side of the 
outcrop.  Results documents discrete and non-linear, axis-to-margin changes in stratal thickness, 
grain size, net-sand content, and facies.   
4.5.1.  General Characteristics 
In cross-section view, the lobe element is thickest in the middle of the axis and thins 
towards the lateral margins (Figs. 4.3, 4.5, 4.7).  The lobe has a planar lower bounding surface, 
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and a broadly convex upper bounding surface, which creates a distinctive tapered geometry.  
There is dm-scale erosion on the upper bounding surface near the southern lateral margin, 
resulting in a locally undulating upper bounding surface in this area (Fig. 4.7).  Based on stratal 
thicknesses, rates of thinning, and an assumption of lobe symmetry, the width of the entire lobe 
element is estimated to be ~2.5 km wide, whereas its maximum thickness in its axis is ~5 m, 
resulting in an aspect ratio of ~500:1.  This is the minimum aspect ratio for lobe elements of the 
Point Loma Formation which outcrop along the peninsula (Fleming, 2010).  Ten facies (F1-F10) 
are identified in this study, which differ with respect to interpreted sediment support mechanism 
and mode of deposition (Fig. 4.4, Table 4.1).  The facies transfer abruptly from the axis of the 
lobe element to its lateral margins (Figs. 4.5, 4.8, 4.9). 
4.5.2.  Spatial Changes in Physical Stratigraphy 
The following text describes axis-to-margin changes in physical stratigraphy for the lobe 
element and its lowermost constituent bed.  The axis of the lobe element is the thickest, coarsest 
grained, and the most sand-rich portion of the lobe (Figs. 4.5, 4.7).  The axial region extends for 
approximately 675 m to the north and south of the thickest part of the lobe, for a total of 
approximately 1,350 m.  In the axial position, the lowermost bed is 1 m thick and the lobe 
element is 5 m thick.  Grain sizes in the axial region range from fine sand to granule, with a 
median grain size between upper-fine sand to medium sand.  The locations of the axes of the 
individual beds within the lobe element are superimposed, resulting in high sandstone 
amalgamation in this region.  Facies percentages for both the bed and element are similar, and 
consist of  ~98% structureless sandstone (F1) that is highly amalgamated, and only ~ 1% 
sandstone with organic-rich lamina (F2), and ~ 1% sandstone with mudclasts (F3), where the 
clasts are cm-dm in size (Figs. 4.8, 4.9).  
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The off-axis region of the lobe element is 200 m wide, and is thinner, finer-grained, and 
has lower net-sand content than the axis.  In this “transitional” zone, bed and element thicknesses 
are approximately 0.5m and 2m, respectively, and individual turbidite beds deamalgamate, 
meaning that thin mud lamina separate sand-rich parts of superimposed beds (Figs. 4.5B, 4.7).  
Soft sediment deformation features are abundant, and include large-scale (up to 0.5 m) flame 
structures and convolute bedding in mud-rich strata.  The grain size in the off-axis region ranges 
from very-fine sand to cobble-sized mud clasts, with a median grain size of fine sand.  In the off-
axis of the lobe element, there is an abrupt and marked transition in facies where the percentage 
of structureless sandstone (F1) decreases to 19%, and facies are predominately heterolithic, 
argillaceous strata (Figs. 4.8, 4.9).  Greater than 80% of the facies in the off-axis region are 
argillaceous or “dirty” sandstones, and contain medium sand- to granule-sized grains of 
terrigenous, organic debris within the matrix.  Argillaceous facies include 69% argillaceous 
sandstone (F4), ~5% argillaceous sandstone with abundant mud clasts (F5-F7), ~5% organic-
rich, rippled sandy argillite (F8), and ~3% organic-rich argillite (F10) (Figs. 4.8, 4.9).   
Within the off-axis, or transition zone, a majority of the beds upwardly transfer from 
argillaceous sandstone at the base, to matrix-supported mudstone-conglomerates in the middle, 
to organic-rich sandy argillite and/or organic-rich argillite at the top (Figs. 4.5B, 4.9).  Mud 
clasts are always located in the upper ½ of individual beds (Figs. 4.4, 4.9).  These facies 
associations are similar to co-genetic debrite-turbidite beds or hybrid event beds documented on 
the off-axis and margins of lobe elements in other deepwater settings (Haughton et al., 2003; 
Talling et al., 2004; Hodgson, 2009; Pyles and Jennette, 2009; Gordon and Pyles, in press).   
The margin of the lobe element extends laterally for approximately 150 m to the south.  
At the southern end of the study area, a fault displaces the strata beyond the height of the outcrop 
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(~ 20 m).  It is, therefore, not possible to track the lobe element to its ultimate pinch-out.  The 
full width of the margin was estimated by assuming a uniform rate of thinning to its southern 
pinch-out.  This estimate would extend the margin for approximately another 225 m, and the 
entire margin region would be approximately 375 m.  In the margin of the lobe, the lobe element 
progressively thins, there is low net-sand content, and individual beds pinch out laterally (Fig. 
4.5).  At the southern margin, the lowermost bed and element are only 0.03 m and 0.70 m thick, 
respectively, and grain size ranges from clay to medium sand.  Facies are argillaceous, and there 
is an increase in the abundance of boulder-sized mud clasts.  Facies consist of 74% argillaceous 
sandstone (F4), 17% organic-rich, rippled sandy argillite (F8), 4% argillaceous sandstone with 
abundant mud clasts (F5-F7), 4% organic-rich argillite (F10) and 1% sandy argillite with mud 
clasts (F9) (Figs. 4.8, 4.9).  All of the beds that pinch-out at the margin terminate as organic-rich 
rippled- sandy argillites or organic-rich rippled siltstones.   
 Overall, with an assumption of lobe symmetry, in cross-section view, the axis, off-axis, 
and margin regions, constitute approximately 55%, 15%, and 30% of the lobe element, 
respectively.  Importantly, axis-to-margin changes in facies, grain size, and net-sand content in 
the lobe element are markedly similar to that of its constituent beds, indicating that depositional 
axes are located in one place, and flow processes are similar from one turbidity current to the 
next during deposition of the element.  
4.6.  Mineralogy 
Axis-to-margin variations in mineralogy and particle settling velocity from samples of 
the bed and element are discussed below.  The descriptions assume symmetry of the lobe 
element on either side of the thickest part of the lobe axis (labeled in Figures 4.3, 4.5 and 4.7).  
As such, data from two samples located on the north side of the lobe axis were transposed to the 
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south side of the axis in order to document mineral patterns from just one half of the element.  
Results documents discrete and non-linear changes in mineral proportions and hydrodynamic 
sorting.   
4.6.1.  General Characteristics  
Thin sections of the samples from the bed and element were analyzed using optical 
petrography methods.  Visual estimates document that, in general, the average sandstone 
composition consists of ~ 40% quartz and ~ 40% plagioclase (predominantly oligoclase), ~10% 
K-feldspar, and less than 10% lithic and accessory grains (Fig. 4.10A).  Dominant accessory 
minerals include biotite, hornblende, ilmenite, terrigenous organic debris, and trace amounts of 
apatite and zircon.  Overall, there is only a minor amount of mechanical compaction and 
chemical diagenesis of the sediments, which has preserved the original, detrital mineralogy and 
texture of the deposits.  The diagenetic processes that did occur include very minor alteration of 
K-feldspar to illite, and the mechanical and chemical alteration of biotite grains, which are 
plastically deformed and slightly altered to chlorite.  Within samples from the off-axis and 
margin of the lobe element and its lowermost bed, biotite grains are larger than the surrounding 
minerals and are mechanically compacted, consequently deforming them into pore spaces 
between adjacent grains (Fig. 4.10A).  Smectite is the most common authigenic mineral, and 
occurs as a grain-rimming clay on ferromagnesian minerals such as hornblende.  Less common is 
authigenic iron-oxide, which occurs in trace amounts on grain rims and as a minor cement.  
There is no evidence of secondary quartz overgrowths or quartz cementation.  Grain shapes are 
generally subangular to angular, grain packing is moderate to low, and grain contacts are 
dominated by point contacts with minor amounts of concavo-convex contacts.   
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 4.6.2.  Spatial Changes in Mineralogy – Bed 
 Mineral percentages from the lowermost bed were calculated for 15 samples, and axis-to-
margin variations in mineralogy are evident (Fig. 4.10B).  There is an approximately 25% 
increase in K-feldspar, 10% increase in plagioclase, and 150% increase in biotite relative to 
quartz toward the lateral margin of the bed.  In contrast, there is approximately a 50% decrease 
in hornblende relative to quartz toward the lateral margin of the bed.  Additionally, TOC-content 
increases by approximately 150% toward the lateral margin of the bed.  TOC is the 
approximation of the amount of terrestrially-derived organic material (i.e. wood and coal).   
4.6.3.  Spatial Changes in Mineralogy – Element 
Mineral percentages were calculated for 23 samples from the entire lobe element (Fig. 
4.11).  Whisker plots show the maximum, minimum, and mean values of mineralogy, as well as 
highlighting an area that is one standard deviation from the mean (yellow band).  The plots 
document that trends in mineral proportions are the same for the bed and lobe element, although 
somewhat suppressed.   There is approximately a 4% increase in K-Feldspar, 8% increase in 
plagioclase, and 94% increase in biotite relative to quartz toward the lateral margins of the lobe 
element.  Conversely, there is a 50% decrease in hornblende relative to quartz toward the lateral 
margins.   
4.6.4.  Particle Settling Velocity 
           This section documents axis-to-margin changes in hydrodynamic equivalence for 
samples from the lowermost bed of the lobe element.  A total of 3000 grains were analyzed to 
evaluate settling velocities for each mineral population.  Each of the mineral grains was 
characterized in terms of grain size (Fig. 4.12A) and grain shape (ie. circularity and aspect ratio) 
(Figs. 4.12B, 4.12C).  Results of grain size analysis document that for the axis, off-axis, and 
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margin of the bed, biotite, K-feldspar, plagioclase, and quartz have similar average grain sizes, 
whereas hornblende and ilmenite are markedly smaller in size (Fig. 4.12A).  Results of grain 
shape analysis document that for all three regions of the bed, biotite has the lowest mean 
circularity and the highest mean aspect ratio (Fig. 4.12).  Conversely, ilmentite has the highest 
mean circularity and lowest mean aspect ratio.  K-feldspar, plagioclase, and quartz have very 
similar circularities and aspect ratios.   
           Cumulative frequency distribution graphs of settling velocity were created for the key 
sandstone-forming minerals in the samples: quartz, K-feldspar, plagioclase, biotite, hornblende, 
and ilmenite (Fig. 4.13) using equation 4 from Ferguson and Church (2004) (Equation 4.1).  For 
samples in the axis of the bed, the graphs indicate that although the different mineral species 
have a range of different sizes, shapes, and densities, approximately 50% of the grains have 
similar particle-settling velocities (ws), meaning they are hydraulically equivalent (sensu Rubey, 
1933a).  There are some deviations for hornblende and ilmenite, possibly due to the small 
number of grains analyzed for these minerals, or the mode of transport for these heavy mineral 
grains are different (ie. traction instead of suspension alone).  For samples in the off-axis of the 
bed, only approximately 15% of the grains have particle settling velocities that align, meaning 
that the grains are, for the most part, not in hydrodynamic equivalence.  These samples were 
collected where facies transition from clean sandstones to matrix-rich, argillaceous sandstones, 
possibly due to a change in flow properties from turbulence to matrix strength.  For samples in 
the margin, approximately 65% of the grains have particle settling velocities that align, 
documenting a return to hydrodynamic equivalence. 
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4.7.  Discussion 
          The following section integrates the observations listed above into discussions of how 
sediment gravity-flow processes affect the spatial distribution of facies and mineralogy.   
4.7.1.  Facies Distributions and Flow Processes 
           Numerous papers have inferred a longitudinal progression of facies from structureless 
sandstone to argillaceous sandstone and co-genetic debrite turbidites from both core (Lowe and 
Guy, 2000; Haughton et al., 2003; Haughton et al, 2009; Kane and Ponten, 2012) and outcrop 
(Talling et al, 2004; Haughton et al, 2009; Hodgson, 2009; Pyles and Jennette, 2009) studies of 
distributive channel-lobe systems.  In a recent study of Gulf of Mexico cores, Kane and Ponten 
(2012) describe a systematic vertical distribution of facies from the deep-water Wilcox 
Formation.  They infer that the vertical facies patterns in core represent the longitudinal flow 
evolution of a current that initially begins as a turbulent flow, but becomes increasingly more 
laminar in the down-current direction (their Figure 4).  A similar transition in facies is 
documented above (Fig. 4.9), although this spatial pattern is directly observed in the detailed 
lateral correlation of beds in the outcrop.    
           Facies 1-3, which occur in the axis of the lobe element, are similar to bed types 0-3 of 
Kane and Ponten (2012).  These facies are interpreted to reflect deposition by suspension and 
traction in a turbidity current (Fig. 4.9, Table 4.1).  Facies 4-10, which occur laterally in the off-
axis region, are similar to bed types 4-7 of Kane and Ponten (2012), and event beds H1-H5 of 
Haughton et al., (2009), and are interpreted to reflect deposition by both turbidity-current and 
debris-flow processes (Fig. 4.9).  These facies types laterally transfer to Facies 8 at the margin of 
the lobe element, and are interpreted to reflect deposition by traction in a turbidity current.  
Despite the off-axis region being sand-rich, the lateral changes in facies, interpreted to reflect 
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changes in flow processes, results in sand-rich facies that are extremely argillaceous and organic-
rich, which would thereby reduce porosity and permeability if this were a reservoir.   
There are many interpretations and hypotheses for the how sediment gravity flows evolve 
or transition between different rheological regimes (see Talling et al., 2012 and references 
therein).  Herein, we interpret the down-current facies changes in the Point Loma Formation to 
represent a three-part progression within an individual sediment gravity flow, which is similar to 
interpretations made by Pyles and Jennette (2009).  Other interpretations of this process are 
valid, however, we believe that the following interpretation is the most plausible for strata within 
the Point Loma Formation based on the facies and facies associations documented in this study.  
First, the flow initially begins as a single, low-concentration, turbidity current containing 
abundant sand, mud, and terrestrial debris.  As the flow radially spreads along the basin floor, the 
coarsest grains are deposited, resulting in sandy sediment in proximal/axial locations.  In this 
axial region, local erosion of the finer-grained tops of subjacent beds results in a lateral increase 
in mud and mud-clasts in the flow.  Collectively, the deposition of the coarse sand and the 
suspension of mud and terrestrially-derived organic material from the original condition, plus the 
increase in mud and mud clasts from erosion are interpreted to increase flow cohesion as the 
flow continues toward the edges of the lobe, possibly suppressing fluid turbulence.  This process 
then segregates the flow into two rheological regimes: a lower, high-concentration turbidity 
current or fluidized flow, and an upper debris-flow layer.  The lower part of the flow deposits the 
argillaceous sandstones (F4) of the co-genetic beds first, and the upper layer deposits the 
argillaceous sandstones with mudclasts (F5-F7) and organic-rich argillites (F8-F10) (Fig. 4.9).  
Third, as the flow deposits the majority of the remaining sand, mud, shale clasts, and 
argillaceous material in the medial parts of the lobe, the concentration and cohesiveness of the 
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flow decreases and the flow continues as a fine-grained, low concentration turbidity current, 
resulting in the deposit of a terminal, rippled sandy argillite and rippled siltstone.   
           A key distinction of co-genetic or hybrid beds of the Point Loma Formation compared to 
similar facies from other formations, is that the lower, sandy interval of the co-genetic beds is 
never a clean sandstone.  Rather, the sand is always argillaceous with abundant grains of 
terrestrially-derived organic material, whereas the lower, sandy interval documented in other 
studies is typically described as a mud-poor, and relatively clean sandstone (Talling et al., 2004; 
Haughton et al., 2009; Hodgson, 2009; Pyles and Jennette, 2009; Kane and Ponten, 2012).  This 
distinction may be a reflection of the close proximity of the Point Loma forearc basin to 
sediment input where mud and organic material are in higher abundance.  However, this 
hypothesis does not adequately explain why mud and organic material is only concentrated in 
certain facies.  Alternatively and more likely, the argillaceous nature of the sands may reflect yet 
another point on the sediment-gravity flow spectrum, where turbulence is suppressed and mud 
and organic matter are being trapped or elutriated within the lower parts of the flow, but the 
cohesiveness of the flow is not high enough to cause complete en masse deposition.   
           Kane and Ponten (2012) interpret that transitional or co-genetic flows may be particularly 
common in long-runout systems on passive margins.  Here, we show that long distances (100s 
km) are not required to produce rheologically differentiated flows, as the Point Loma was 
deposited in an active margin, forearc basin setting.  The Peninsular Ranges magmatic arc, which 
was the source of sediment during deposition of the Point Loma (Girty, 1987; Kimbrough et al., 
2001), is approximately 30 km from the Point Loma depocenter, yet we observe similar facies to 
submarine fan systems documented in the Gulf of Mexico and Karoo Basin, South Africa, where 
sediment traveled at least 150-300 km from the source.  This observation has exploration 
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implications for submarine fans located in active margin settings.  Facies variability in these 
settings may be enhanced compared to their passive margin counterparts.   
4.7.2.  Hydrodynamic Fractionation of Minerals 
           In experimental studies, Pyles et al. (2013) and Stammer et al., (in review, Chapter 3) 
documented that turbidity currents are effective at fractionating minerals based upon grain 
density and grain shape alone, resulting in large-scale spatial variations in the composition of 
their deposits.  Results of the study herein of a naturally occurring lobe element are strongly 
aligned with the experimental studies of Pyles et al. (2013) and Stammer et al., (in review, 
Chapter 3), although notable distinctions exist.  Spatial changes in mineralogy for both the bed 
and lobe element are interpreted to reflect hydrodynamic fractionation of minerals based not just 
on grain size, but on grain density and shape as well.   
Minerals have various densities and shapes depending on their chemical composition, 
crystal habit, and cleavage (Fig. 4.1C).  K-feldspar is slightly less dense than quartz, but has 
similar shape characteristics to quartz in samples from this study (Fig. 4.12B, 4.12C).  K-feldspar 
had a 25% and 4% increase relative to quartz from axis-to-margin for the bed and element, 
respectively (Figs. 4.10, 4.11).  We interpret this axis-to-margin increase to be due not just to 
small differences in size (Fig. 4.12A), but also due to the slight (~6%) difference in the 
submerged specific gravity (ρs) between the two minerals (1.56 for K-feldspar vs. 1.65 for 
quartz).  Plagioclase also has similar shape characteristics as quartz (Figs. 4.12B, 4.12C), but its 
size (Fig. 4.12A) and density are nearly the same as quartz as a majority of plagioclase grains are 
oligoclase (ρs ≈ 1.65).  The axis-to-margin increase in plagioclase, which was 10% and 8% for 
the bed and element, respectively (Figs. 4.10, 4.11), is therefore justifiably small.  Biotite had the 
greatest axis-to-margin increase in abundance, which was 150% and 94% for the bed and 
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element, respectively (Figs. 4.10, 4.11).  While biotite has a greater submerged specific gravity 
compared to quartz (2.09 for biotite vs. 1.65 for quartz), its platy shape and high aspect ratio 
results in grains with low settling velocities relative to their more spherical, albeit less dense 
quartz counterparts.  Conversely, hornblende, although smaller in size compared to quartz (Fig. 
4.12A), is rounder and denser and was deposited predominately in the axis and off-axis of the 
bed and lobe element (Figs. 4.11, 4.12).  The increase in TOC-content toward the margin of the 
bed (Fig. 4.10) is interpreted to reflect the fact that organic material has a very low density 
(Saller et al., 2006), nearly the same as water, which causes the grains to stay in suspension 
longer, similar to biotite.    
Similar trends in mineralogy have been previously documented in the literature, however, 
none of these studies have shown these patterns to occur within time equivalent strata, let alone 
in a single bed, which is the results of a single depositional event or flow (sensu Campbell, 
1967).  Previous studies were either conducted on samples on a regional scale (Wilde, 1965; 
Lovell, 1969; Fontana et al., 1989), or on samples from small areas of individual beds (Sarnthein 
and Bartolini, 1973; Shideler, et al. 1975).  Here we show a single turbidity current to be 
effective at hydrodynamically fractionating grains resulting in large-scale spatial variations in the 
composition (facies and mineralogy) of its deposit.  Critically, we have documented that this 
process operates at different hierarchical scales, as the patterns for lobe element and one its 
constituent beds are similar.   
Other studies have documented spatial variability in mineralogy in turbidite systems 
(Stanley, 1963; Wilde, 1965; Lovell, 1969; Sarnthein and Bartolini, 1973; Shideler et al., 1975; 
Fontana et al., 1989).  For example, Fontana et al., (1989) document that distal, thin-bedded 
turbidites in the Eocene Hecho group, Spain, have a higher proportion of intrabasinally-derived 
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carbonate grains than their coeval channel-fills.  The authors hypothesized that this variability is 
due to the preferential deposition of angular, skeletal fragments and low-density peloids further 
basinward, resulting in a carbonate-depleted area in proximal channels.  Lovell (1969) 
documents an increase in biotite and decrease in amphibole along a regional, down-current 
transect of turbidites in the Eocene Tyee Formation, Oregon.  Again, the author hypothesizes that 
selective sedimentological sorting, primarily based on grain density and grain shape, caused the 
spatial trends in mineralogy.  Saller et al., (2006) documented that terrestrial organic material can 
concentrate in turbidite deposits in enough abundance to be an important self-derived source of 
hydrocarbons.  Importantly, Saller et al. (2006) document that TOC content is 2 to 4 times 
greater in finer-grained, laminated and rippled facies interpreted as Bouma Tb and Tc divisions, 
respectively, when compared to coarser-grained, massive facies interpreted as Bouma Ta 
divisions.   
4.7.3.  Hydrodynamic Equivalence  
           Results of this study document a change in settling velocity behavior across the axis-to-
margin profile of a lobe element, where particles are in a near hydrodynamic equivalence in the 
axis, deviate from hydrodynamic equivalence in the off-axis, and return to equivalence in the 
margin (Fig. 4.13).  These changes also coincide with the documented axis-to-margin changes in 
facies (Figs. 4.8, 4.9) and spatial variability in mineralogy (Figs. 4.10, 4.11).  The combined 
results are interpreted to reflect a change in flow processes from lower viscosity, turbulent flows 
in the axis, to higher viscosity, fluidized- and cohesive-flows in the off-axis, back to turbulent 
flows in the margin.   
          The largest range in data for settling velocity and mineralogy occurs in the off-axis region 
of the lobe element (Figs. 4.10, 4.11), where the facies transition into argillaceous, co-genetic 
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debrite-turbidites.  We interpret this pattern to result from a lateral transition in the sediment 
support mechanism of the flows from turbulence to hindered settling and/or cohesion.  As the 
flows become increasingly more argillaceous and cohesive, the process by which they can sort or 
separate grains is suppressed.  There is no mechanism by which laminar flows can hydraulically 
sort the particles because laminar flow characteristically has no mechanism for moving grains (or 
fluid) in the upward or downward direction.  Therefore, the particles in this transitional area are 
not in hydrodynamic equivalence.   
4.8.  Implications for Reservoir Quality  
This study documents significant spatial changes in facies and mineralogy along an axis-
to-margin transect of a bed and lobe element.  Spatial changes in physical stratigraphy include 
the deamalgamation of individual beds, and an enrichment of argillaceous sand, mud and mud 
clasts, and terrestrially-derived organic matter toward the lateral margins of a lobe element.  
Spatial changes in mineralogy include an enrichment of platy grains such as biotite, and 
relatively lighter minerals such as K-feldspar and terrestrial organic material.  The spatial 
changes in physical stratigraphy and composition documented in this study can result in spatial 
changes in reservoir compartmentalization and spatial changes in primary and secondary 
porosity and permeability, which, in turn, can influence the storage capacity and recoverability of 
fluids in subsurface reservoirs (Fig. 4.14).  Primary porosity and permeability are related to 
textural characteristics such as the sorting and packing of mineral grains (Rittenhouse, 1971; 
Beard and Weyl, 1973), whereas secondary porosity and permeability are related to diagenesis.   
First, mineral fractionation based not just on grain size, but also on grain density and 
shape results in the juxtaposition of larger, low-density or angular particles with smaller, high-
density or spherical particles.  This process has been documented experimentally (Pyles et al, 
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2013; Stammer et al., in review, Chapter 3) and in natural systems where sand-sized biotite 
grains are mixed with silt-size quartz grains (Neiheisel, 1965; Wilde, 1965; Doyle et al., 1968).  
Wilde (1965) notes that in samples from the Monterey Fan, California, mica grains are at least 
one phi unit coarser than other heavy minerals, such as hornblende and augite, yet they are in the 
same sample, which is interpreted to indicate hydraulic equivalence.  The juxtaposition of 
different grain sizes results in a decrease in grain sorting, which in turn, reduces porosity and 
permeability (Beard and Weyl, 1973). 
          Second, secondary porosity and permeability is affected by digenesis through both 
mechanical compaction and mineral alteration (Pittman and Larese, 1991).  For example, biotite 
and other micaceous minerals, and terrestrially-derived organic debris are labile and undergo 
more mechanical compaction than rigid grains such as quartz.  In the off-axis and margin of the 
studied lobe element, where biotite is enriched, biotite is observed to be plastically deformed and 
infilling pore space (Fig. 4.10A).  Additionally, enhanced concentrations of angular particles 
such as biotite and volcanic glass can reduce porosity and permeability as these grains 
characteristically alter to clay and zeolite cements.  For example, in a subsurface study on 
turbidite lobes, Stammer and Pyles (in review, Chapter 4) document a marked increase in zeolite 
cement, which is the diagenetic byproduct of volcanic glass, along an axis-to-margin transect in 
the Aspen Field, Gulf of Mexico.  Stammer and Pyles (in review, Chapter 4) attribute the 
increase in cement, which serves to significantly reduce porosity and permeability, to the 
fractionation of light, angular volcanic glass to the lateral and distal margins of turbidite lobes.     
4.9.  Conclusions 
           Outcrops of the Point Loma Formation provide a unique opportunity to test questions 
about deep-water lobe strata.  There are large-scale axis-to-margin changes in physical 
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stratigraphy and mineralogy of a lobe element and one of its constituent beds, which are 
interpreted to reflect down-current changes in sediment-gravity flow processes.  The spatial 
variability has implications for hydrocarbon exploration and reservoir quality in submarine fans 
(Fig. 4.14).  The conclusions of this study are the following: 
1) Facies laterally transition from dominantly structureless sandstones in the lobe axis, to 
argillaceous sandstone with organic matter and mud clasts in the lobe off-axis, to organic-
rich, rippled, sandy argillite in the lobe margin.  This spatial pattern is interpreted to 
reflect a transition in sediment support mechanism and mode of deposition, reflecting 
lateral changes in flow processes from more turbulent to more laminar flow.   
2) There is an increase in K-feldspar, plagioclase, and biotite relative to quartz, and a 
decrease in hornblende relative to quartz along an axis-to-margin transect of the lobe 
element and one of its constituent beds.  This is interpreted to reflect hydrodynamic 
fractionation of minerals based on grain size, grain density and grain shape.   
3) Calculations of particle settling velocities document that grains are in hydrodynamic 
equivalence in the lobe axis, deviate from equivalence in the off-axis region, and return to 
hydrodynamic equivalence in the lobe margin.   
4) The spatial changes in facies and mineralogy documented in this study have important 
implications for exploration and reservoir quality in turbidite-hosted reservoirs as the 
strata undergo mechanical compaction and chemical alteration through diagenesis.  
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Figure 4.1.  A) Seismic amplitude map of a submarine fan, offshore Nigeria (map modified from 
Pirmez et al., 2000).  The submarine fan contains compensationally stacked channel-lobe 
elements that form a radially dispersive map pattern.  B) Round and/or denser particles have 
faster settling velocities than angular and/or low density particles of equivalent volume.  C) 
Common sandstone-forming minerals, such as quartz, feldspars, and micas have different 
densities (g/cm3) due to chemical composition and different shapes due to mineral cleavage, both 





Figure 4.2.  A) Location and geologic map of the study area in San Diego, California.  The Point 
Loma Formation crops out along the coastline from La Jolla to the Point Loma Peninsula.  The 
study area is located in the central part of the Point Loma Peninsula (map modified from Moore 
and Kennedy, 1970; Kennedy and Tan, 2005; and Fleming, 2010).  B) Composite 
chronostratigraphic column of Cretaceous strata in the San Diego area, highlighting the Point 





Figure 4.3.  A) Schematic diagram of a lobe element showing the interpreted location of the outcrop exposure (A-A’).  B) Photopanels 
of the study area documenting the location of the outcrop and studied lobe element (yellow) (photos from californiacoastline.org).  
View is looking east.  The location of the photopanels is shown in Figure 4.2.  The sediment transport direction is out of the page, and 





Figure 4.4.  Photographs of the 10 facies identified in this study (F1-F10); detailed descriptions 





Figure 4.5.  Detailed cross-section of the studied lobe element documenting facies distributions and locations of samples and 
stratigraphic columns.  The southern ⅔ of the lobe element is exposed; see map in Figure 4.2 and photopanel in Figure 4.3 for 





Figure 4.6.  A) False-colored QEMSCAN image of a thin section, displaying the major mineral 
components of the Point Loma Formation: quartz, plagioclase, K-feldspar, and biotite.  X-ray 
data were collected at a 10-µm resolution, and mineral percentages were calculated on a pixel-








Figure 4.7.  Simplified cross-section (VE=10x) indicating sample locations, and photographs of the axis, off-axis, and margin of the 





Figure 4.8.  Pie charts documenting axis-to-margin variations in facies percentages from the 





Figure 4.9.  Ten stratigraphic columns of the lowermost bed of the studied lobe element documenting the lateral evolution of facies in 
one individual bed.  See Table 4.1 for facies descriptions; see Figures 4.3 and 4.5 for locations of stratigraphic columns. Facies 
laterally transfer from dominantly structureless sandstone in the axis of the bed, to argillaceous sandstone with organic matter and mud 
clasts in the off-axis, to organic-rich, rippled, sandy argillite in the margin.  This evolution is interpreted to reflect a transition in 





Figure 4.10.  A) Representative photomicrographs of samples from the axis, off-axis, and margin 
documenting mineralogy and texture.  B)  Graphs documenting axis-to-margin changes in 
mineral composition and TOC of the lowermost bed of the studied lobe element.  Data marked 
with an asterisk were transposed from the north side of the thickest part of the lobe axis.  All 
curves are second-order polynomial fits.  From the axis of the bed to its lateral margin, there is a 
subtle increase in K-feldspar and plagioclase, a substantial increase in biotite, and a significant 
decrease in hornblende relative to quartz.  There is also in increase in TOC-content.  Location of 





Figure 4.11.  Whisker plots documenting axis-to-margin changes in mineral composition from 
the entire lobe element.  Data marked with an asterisk were transformed from the north side of 
the thickest part of the lobe axis.  The yellow band indicates values that are one standard 
deviation from the mean.  From the axis of the element to its lateral margin, there is a modest 
increase in K-feldspar and plagioclase, a substantial increase in biotite, and a substantial decrease 
in hornblende relative to quartz.  These trends are similar to those documented in the lowermost 






Figure 4.12.  Average grain size (A), circularity (B) and aspect ratio (C) measurements for six 
minerals from samples of the lowermost bed of the studied lobe element.  Each plot uses data 
from 300 grains.  For all samples, biotite has the lowest mean circularity and highest mean aspect 
ratios, whereas ilmenite has the highest mean circularity and lowest mean aspect ratios.  K-





Figure 4.13.  Graphs of calculated particle settling velocities from representative samples in the axis, off-axis, and margin of the 
lowermost bed of the studied lobe element.  Black dashed boxes indicate the area of interpreted hydrodynamic equivalence (H.E.).  





Figure 4.14.  Diagram summarizing observations (A) and predictions (B) from this study.  Inset 




Table 4.1.  Description and interpretation of 10 facies identified in this study.  Facies are 
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5.1.  Abstract 
In this study, we examine core from the Aspen Field, northern Gulf of Mexico to test how 
sedimentation processes by turbidity currents fractionate minerals on the basis of density and 
shape, and how this process impacts reservoir quality in turbidite reservoirs.  Strata in Aspen 
Field consist of a series of interbedded, Upper Miocene sandstone and mudstone intervals that 
are interpreted to reflect deposition in a distributive channel-lobe system.  Five facies are 
identified, which differ by interpreted sediment-transport mechanism and interpreted flow type.  
The vertical succession of facies in core is interpreted to record the compensational stacking of 5 
lobe elements, resulting in the vertical juxtaposition of the axes, off-axes, and margins of the 
lobes.  X-ray diffraction analysis documents axis-to-margin variations in the composition of 
turbidite lobes, particularly with regard to the amount of volcanic glass and its diagenetic 
byproduct, clinoptilolite, resulting in abrupt vertical variations in porosity and permeability.  
Clinoptilolite, which results from the devitrification of volcanic glass, is enriched in finer-
grained, argillaceous facies, resulting in increased cementation and reduced porosity and 
permeability.  The argillaceous facies are interpreted to be from the lateral and distal margins of 
turbidite lobes.  We propose that because volcanic glass is highly angular and has a relatively 
low density relative to the other mineral grains in the Aspen Field, turbidity currents 
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preferentially fractionate the glass grains to the lateral and distal margins of lobes, where they 
alter to clinoptilolite during diagenesis.  Spatial changes in mineralogy, therefore, have important 
implications to reservoir quality in turbidite systems.   
5.2.  Introduction  
Recent studies by Pyles et al. (2013) and Stammer et al. (in review, Chapter 3) use 
measurements from physical experiments to document, for the first time, that turbidity currents 
are effective at fractionating minerals on the basis of grain density and grain shape alone, 
resulting in large-scale spatial variations in the composition of their deposits.  The studies 
document proximal and axial locations of turbidite lobes to be relatively enriched in high density 
and/or round grains, whereas the lateral and distal margins of the deposits are relatively enriched 
in low density and/or angular grains.  Another recent study uses measurements from outcrops of 
the Cretaceous Point Loma Formation, San Diego, California to document spatial changes in 
mineralogy and facies within an individual turbidite lobe in a natural system (Stammer and 
Pyles, in review, Chapter 4).  The study documents that the proportion of angular minerals, such 
as biotite, increases toward the lobe margins, whereas the proportion of dense minerals, such as 
hornblende, decreases toward the lobe margins. While all three of the studies document spatial 
variability in mineralogy due to grain shape and grain density, none of the studies address how 
this process is imprinted on reservoir quality (porosity and permeability) in subsurface 
reservoirs.   
Previous studies on the deepwater Aspen field, Green Canyon block 243, Gulf of Mexico 
document a wide range of permeability within the “L sand” interval due to variable cementation 
by the zeolite mineral clinoptilolite [(Na,K,Ca)2-3Al3(Al,Si)2Si13O36-12(H2O)] (Rush et al., 2011; 
Wagner et al., 2012).  Clinoptilolite is a diagenetic byproduct due to the devitrification of 
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volcanic glass grains, which are characteristically highly angular and have relatively low 
densities (2.35-2.45 g/cm3) compared to other common sandstone-forming minerals such as 
quartz and feldspars, which have densities of 2.65 and 2.56, respectively.  This article uses X-ray 
Diffraction (XRD), porosity and permeability, and grain size data from drill core of the Aspen 
Field to test how hydrodynamic fractionation of minerals by turbidity currents affects reservoir 
quality in subsurface reservoirs.  We propose that differences in porosity and permeability in the 
Aspen Field are due to the fractionation of detrital volcanic glass to the lateral and distal margins 
of turbidite lobes due to flow processes in turbidity currents.   
5.3.  Geologic and Stratigraphic Setting  
 The Aspen Field is located in Green Canyon block 243, northern Gulf of Mexico, at a 
modern water depth of 830 m (2,725 ft.) (Figs. 5.1A, 5.1B).  Strata in Aspen Field consist of a 
series of interbedded, Upper Miocene sandstone and mudstone intervals that are interpreted to 
reflect deposition in a distributive channel-lobe system (Fig. 5.1C) (Rush et al., 2011).  In these 
settings, lobe elements stack compensationally (e.g., Straub and Pyles, 2012), resulting in the 
vertical juxtapositions of sand-rich, axial parts of lobes with mud-rich, margins of 
stratigraphically adjacent lobes (Fig. 5.1D).   
 Sandstones in Aspen Field predominantly consist of lithic arkoses based on the 
classification of Folk (1974).  Primary framework grains are quartz, plagioclase feldspar, and 
potassium feldspar; lithic rock fragments are also abundant.  The most common lithic 
constituents are volcanic rock fragments and angular glass shards (Fig. 5.2A) (Rush et al, 2011), 
which characteristically alter to clinoptilolite during diagenesis.  Clinoptilolite grains occur as 
both pore-lining and pore-filling cements (Fig. 5.2B), which significantly reduces the inter-
granular pore volume and overall porosity and permeability (Rush et al., 2011).  Clinoptilolite 
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grains range in size from 3-30 µm and can comprise up to 26 wt. % of the rock as measured by 
XRD.  
5.4.  Data and Methods 
Detailed facies analysis was conducted over a 25-m thick (84 ft.) interval of drill core 
from the Aspen Field.  Five facies were identified (Figs. 5.2C, 5.3), which differ by physical, 
observable characteristics and interpreted sediment support mechanism and flow type (Table 
5.1).  Porosity, permeability, and grain size data were acquired for 68 samples throughout the 
cored interval (Fig. 5.3).  XRD data was acquired for 18 samples collected from strata interpreted 
to be from the lobe axis/proximal (n=4), off-axis/medial (n=9), and margin/distal (n=5) (Fig. 
5.3).  See supplemental material in Appendix B for details on porosity, permeability, grain size, 
and XRD data acquisition.   
5.5.  Core Description and Interpretation 
Strata documented in the Aspen core have strong resemblances, with regard to grain size, 
facies, facies associations, and scale, to strata documented in outcrop and seismic studies of other 
distributive channel-lobe systems (Johnson et al., 2001; Amy et al., 2005; Pyles, 2007; Deptuck, 
2008; Hodgson et al., 2009; Prelat et al, 2009; Straub and Pyles, 2012; Stammer and Pyles, in 
review, Chapter 4).   In these previous studies, there are well-documented and distinct facies 
changes from the axis/proximal parts of turbidite lobes to their lateral and distal margins.  For 
example, outcrops of the Point Loma Formation in southern California consist of exceptional, 
strike-oriented exposures of compensationally-stacked lobe elements and their constituent beds 
(Fleming, 2010; Stammer and Pyles, in review, Chapter 4).  Individual beds and bedsets can be 
correlated for 100s to 1000s of meters from the axes of lobe elements to their lateral margins.  
We, therefore, know the scale and exact spatial location of facies and facies associations along 
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an axis-to-margin transect.  Specifically, Stammer and Pyles (in review, Chapter 4) document 
that the axis of the lobe element is the thickest, coarsest grained, most amalgamated, and the 
most sand rich portion of the lobe, and contains beds that are entirely clean, structureless 
sandstone, similar to F1.   The off-axis of the lobe element is a “transitional” region that is 
thinner and finer-grained, contains more mud, and has less bed amalgamation than the axis.  The 
facies associations of this transitional region consist of interbedded clean sandstones, similar to 
F1, and distinctly argillaceous sandstone and sandstones with an abundance of mud clasts, 
similar to F2-F5.  The margin of the lobe element is the thinnest, finest grained, least 
amalgamated, and most mud-rich portion of the lobe, and the facies associations are interbedded, 
rippled, argillaceous mudstones and sandstones, similar to F4.   
In addition to the lateral, axis-to-margin changes documented in the Point Loma 
Formation (Stammer and Pyles, in review, Chapter 4), integrated seismic and core data from off-
shore Corsica, document similar and distinct proximal-to-distal variability in facies in 
compensationally-stacked lobes elements (Deptuck et al, 2008).  We can, therefore, use the 
correlated spatial data from these previous studies as analogs to logically deduce the vertical 
succession of facies in drill core in this study.     
We made the following spatial interpretations for facies documented in this study using 
facies associations documented in previous studies of distributive channel-lobe systems: The 
axis/proximal of lobe elements predominately consists of amalgamated beds of F1; the off-
axis/medial of lobe elements contains beds of F1, and beds of F2, F3, and F5, which are 
distinctly argillaceous; the margins/distal of lobe elements predominately consists of F4 (Figs. 
5.2D, 5.3).   
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The boundaries between vertical juxtapositions of facies associations in the Aspen Field 
core are interpreted as the boundaries between stratigraphically adjacent lobe elements (Fig. 5.3).  
Five lobe elements are identified.  The upward juxtapositions of the axial parts of lobe elements 
with the off-axis or margins of lobe elements are interpreted to represent compensational 
stacking (e.g. Straub and Pyles, 2012; Fig. 5.1D).    
5.6.  Results 
Porosity, permeability, grain size, and mineralogy data were plotted according to axis-to-
margin position in a lobe and by facies type in order to test how reservoir quality varies spatially 
in a lobe.  Cross-plots of 1) average grain size (D) and porosity (σ), 2) average grain size (D) and 
permeability (k), and 3) porosity (σ) and permeability (k) document strong positive correlations 
(Fig. 5.4A).  Samples from lobe axes have markedly higher average grain size, porosity, and 
permeability values than those from the margins.  Samples from the off-axis parts of lobe 
elements, which is typically a transitional zone with respect to grain size and facies (Stammer 
and Pyles, in review, Chapter 4), span the range of data between the axes and the margins of the 
lobe element.  Other patterns are apparent in the cross-plots that track facies.  First, structureless 
sandstone (F1) plots in a distinct domain regardless of its spatial location within a lobe element 
(Fig. 5.4A), and has higher average grain size, porosity, and permeability than the other facies 
(F2-F5), which all plot together in a separate domain.             
XRD results of mineralogy document a strong negative correlation between the amount 
of clinoptilolite cement and reservoir quality (porosity and permeability) (Fig. 5.4B), whereby 
higher amounts of clinoptilolite equate to lower porosity and permeability.  These results are 
consistent with Rush et al. (2011).  Samples from the axes of lobe elements have lower amounts 
of clinoptilolite compared to samples from the margins of lobe elements.  Samples from the off-
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axis of lobe elements span the range of data between the axes and margins.  Importantly, graphs 
of the same data plotted according to facies document that, in general, structureless sandstone 
(F1) has the lowest weight percentage of clinoptilolite, whereas the other 4 facies (F2-F5) have 
distinctly higher amounts of clinoptilolite, and they plot in a separate region on the graphs (Fig. 
5.4B).   
5.7.  Discussion 
This study documents axis-to-margin variations in the composition of lobe elements, 
particularly with regard to the amount of volcanic glass and its diagenetic byproduct 
clinoptilolite, resulting in large-scale variations in porosity and permeability.  Specifically, 
clinoptilolite cement is enriched in finer-grained, argillaceous facies (F2-F5), which are 
interpreted to be located in the lateral and distal margins of turbidite lobes (Figs. 5.3, 5.4).   We 
propose that the associations between facies, spatial location, and reservoir quality are directly 
linked to turbidity current processes.   
The experimental studies by Pyles et al. (2013), and Stammer et al. (in review, Chapter 3) 
document that relatively low-density and/or angular particles are significantly enriched in the 
lateral and distal margins of turbidite lobes.  This process is due to the lower settling velocities of 
these grains relative to their high-density and/or spherical counterparts.  We use results of these 
experimental studies to interpret that volcanic glass is preferentially fractionated to the lateral 
and distal margins of lobes in Aspen Field because glass is both highly angular (Fig. 5.2A) and 
has a relatively low density (ρ ~ 2.4 g/cm3), resulting in lower ws (Ferguson and Church, 2004) 
than the quartz and feldspar grains in the system.  Through compensational stacking of turbidite 
lobes, the aggrading stratigraphy contains the vertical juxtaposition of the less-cemented lobe 
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axes with higher-cemented lobe margins.  This process leads to vertical (Fig. 5.3) and lateral 
variations in reservoir quality, and can also relate to reservoir compartmentalization.   
5.8.  Applications 
Understanding how fractionation of mineral grains relates to spatial changes in porosity 
and permeability has implications for predicting vertical changes in reservoir quality in a variety 
of turbidite-hosted reservoirs.  Results of this study can be used to infer similar patterns in other 
turbidite systems that contain a diverse mineral assemblage with variable settling velocities.  
First, carbonate grains possess a wide range of settling velocities, which are significantly lower 
than siliciclastic grains of the same size, due to the various skeletal morphologies and lower bulk 
densities of carbonate organisms (Maiklem, 1968; Savarese et al., 1996; Hodson and Alexander, 
2010).  In turbidite systems, where a majority of carbonate material entering the basin is from 
reworking of shelf carbonates, the shape and density of carbonate allochems can directly control 
their spatial distribution.  For example, Fontana et al., (1989) document that distal, thin-bedded 
turbidites in the Eocene Hecho group, Spain, have a higher proportion of intrabasinally-derived 
carbonate grains than their coeval channels, due to the preferential deposition of angular, skeletal 
fragments and low-density peloids further basinward.  Additionally, Dutton (2008) documents an 
increase in calcite cement along the margins of lobe deposits in the Delaware Basin, in part due 
to the hydrodynamics of aragonite skeletal grains. Carbonate cementation is one of the biggest 
reservoir quality challenges in some deep-water turbidites, as carbonate grains act as nucleation 
sites for the precipitation of carbonate cements (Fontana, et al, 1989; Moraes and Surdam, 1993; 
Carvalho et al., 1995; Dutton, 2008; Mansurbeg, et al., 2009).   
Second, intrabasinal mudclasts, such as those documented in facies 5, are common 
constituents in the off-axis/medial, and margins/distal of turbidite lobes, and are often found in 
135 
 
concentrated horizons due to their lower density (see Talling et al, 2012 and references therein; 
Kane and Ponten, 2012).   When mudclasts undergo diagenesis, they are subjected to mechanical 
compaction and the formation of pseudomatrix, which reduces intergranular pore volumes 
(Rittenhouse, 1971).   
Third, similar to volcanic glass in this study, biotite is a characteristically platy, angular 
mineral, and other studies have documented biotite to be concentrated in the lateral and distal 
margins of turbidites (Wilde, 1965; Lovell, 1969; Stammer and Pyles, in review, Chapter 4).  
Biotite alters to chlorite and other clay minerals during diagenesis, which can reduce porosity 
and permeability on lobe margins. Overall, grain shape and grain density are important 
contributors to particle settling velocity, which can have direct impacts on reservoir quality. 
5.9.  Conclusions 
This subsurface study documents how spatial variations in the composition of turbidites 
due to hydrodynamic fractionation results in spatial variations in porosity and permeability.  
There is a strong correlation between clinoptilolite cement, reservoir quality, and spatial location 
and facies.  Clinoptilolite is enriched in facies that are interpreted to be from the lateral and distal 
margins of turbidite lobes, resulting in significant reductions in porosity and permeability in 
these areas.  Based on previous experimental and outcrop studies, we interpret the variability in 
porosity and permeability to be directly related to flow processes within turbidity currents in 
which relatively low density, angular grains, such as volcanic glass, are fractionated to lobe 
margins.  This process, combined with compensational stacking, results in abrupt juxtapositions 
of strata with high and low porosity and permeability.  This study offers new insights into why 
there may be variable reservoir quality in turbidite-hosted deposits. 
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Figure 5.1.  Satellite image of the Gulf of Mexico (A), and location of the Aspen Field (B).  
(Images from Google Earth).  C) Diagram of a slope-to-basin profile highlighting the location of 
distributive channel-lobe systems in intraslope minibasins and on the basin floor (modified from 
Campion et al., 2005).  The Aspen field is a subsurface example of a distributive submarine fan 
deposited in an intraslope minibasin.  D) Schematic diagram of the compensational stacking of 
lobe elements, which results in the vertical juxtaposition of sand-rich, axial/proximal parts of 
lobes with mud-rich, margins/distal of stratigraphically adjacent lobes (modified from Straub and 






Figure 5.2.  A) Photomicrograph of a sample from Aspen field containing highly angular volcanic glass shards (outlined in red), which 
are a common lithic constituent in Aspen sandstones (modified from Rush et al., 2011).  B) Scanning electron microscope image of 
pore-filling clinoptilolite (Cl), which results from the diagenetic alteration of volcanic glass (Rush et al., 2011). C) Photographs of the 
five facies identified in this study.  D) Facies percentages for the entire core, and percentages divided between the interpreted lobe 










Figure 5.3.  Stratigraphic column of Aspen Field core.  Graphs show down-hole clinoptilolite 
(Cl), porosity (Φ), permeability (K), and average grain size (D) data (solid where known, dashed 
where estimated).  Red dots indicate depths where XRD data were acquired.  The environmental 
interpretations (axis/proximal, off-axis/medial, margin/distal) are labeled, and 5 lobe elements 






Figure 5.4.  A) Cross-plots of grain size, porosity, and permeability plotted by interpreted 
location in a lobe element (top) and by facies (bottom).    B) Cross-plots of grain size, porosity, 
permeability, and clinoptilolite plotted by interpreted location in a lobe element (top) and by 





Table 5.1.  Descriptions and interpretation of 5 facies identified in this study.  Facies are listed in 
order of descending grain size.  Φ = porosity, K = permeability, D = average grain size Cl = 








CHAPTER 6.  
CONCLUSIONS TO DISSERTATION AND FUTURE WORK 
6.1.  General Summary 
 This dissertation uses measurements from physical experiments (Chapters 2 and 3) and 
outcrop (Chapter 4) to document that turbidity currents are effective at fractionating minerals on 
the basis of grain size, shape, and density, resulting in large-scale spatial variations in the 
composition and texture of their deposits.  Additionally, this research documents how spatial 
variations in the composition of turbidites due to hydrodynamic fractionation results in spatial 
variations in reservoir quality (porosity and permeability) (Chapter 5) in turbidite-hosted 
reservoirs.  Results of this dissertation have applications to a variety of geoscience problems 
where mineral composition and deposit texture are important.  Specific conclusions and 
discussion of future work for each chapter are described below. 
6.2.  Chapters 2 and 3 – Conclusions and Future Work 
Chapters 2 and 3 are experimental studies that document, for the first time, that turbidity 
currents are effective at fractionating minerals on the basis of grain density and grain shape 
alone.  Proximal and axial locations of turbidite lobes are relatively enriched in high density 
and/or round grains, whereas the lateral and distal margins of the deposits are relatively enriched 
in low density and/or angular grains.  Overall, fractionation of minerals based on grain density 
and shape results in deposits where finer dense grains are juxtaposed with coarser, light grains, 
and smaller round grains are juxtaposed with larger, angular grains.  In turn, this process results 
in a down-stream decrease in deposit sorting.  Results of this study have important implications 
for numerous geological problems including the interpretation of data in provenance studies, 
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spatial variability in porosity and permeability in subsurface reservoirs, and the interpretation 
and prediction of data in turbidite systems. 
There are many possibilities for future experimental work as a follow up to this research.  
This research focused on low-concentration turbidity currents and their associated lobe deposits.  
Some ideas for future work are: 1) examine the process of mineral fractionation as it relates to 
channels and their associated levee deposits;  2) examine the process of mineral fractionation as 
it relates to the transitional environment between channels and lobes, known as the channel-lobe 
transition zone (CLTZ);  3) examine the processes of mineral fractionation at higher and variable 
sediment concentrations, in order to understand how different flow rheologies and sediment 
support mechanisms affect fractionation; 4) conduct similar experiments to those outlined in 
Chapters 2 and 3, however use natural sediment instead of engineered sediment;  5) conduct 
similar experiments to those outlined in Chapters 2 and 3, but use a 2D flume and freeze the 
sediments (in-situ) to analyze spatial changes in porosity and permeability.         
6.3.  Chapter 4 – Conclusions and Future Work 
 Chapter 4 documents spatial variability in physical stratigraphy and mineralogy within 
deep-water lobes of the Point Loma Formation, San Diego, California.  Significant axis-to-
margin changes in physical stratigraphy and mineralogy are evident.  Facies laterally transition 
from dominantly structureless sandstones in the lobe axis, to argillaceous sandstone with organic 
matter and mud clasts in the lobe off-axis, to organic-rich, rippled, sandy argillite in the lobe 
margin.  This spatial pattern is interpreted to reflect a transition in sediment support mechanism 
and mode of deposition, reflecting lateral changes in flow processes from more turbulent to more 
laminar flow.  Additionally, there are axis-to-margin changes in mineralogy, whereby there is an 
increase in K-feldspar, plagioclase, and biotite relative to quartz, and a decrease in hornblende 
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relative to quartz along an axis-to-margin transect of the lobe element and one of its constituent 
beds.  Calculations of particle settling velocities document that grains are in hydrodynamic 
equivalence in the lobe axis, deviate from equivalence in the lobe off-axis, and return to 
hydrodynamic equivalence in the lobe margin.  The spatial changes in facies and mineralogy 
documented in this study have important implications for exploration and reservoir quality in 
turbidite-hosted reservoirs. 
Future work could consist of similar research to Chapter 4, but conducted on turbidite 
lobes from other formations.  It would be interesting to conduct this research in an area that has a 
strong carbonate input, in order to test the effects of grain shape and density in carbonate-
dominated systems.  Additionally, spatial variability in facies and mineralogy could be examined 
for turbidite channels and their associated levee deposits.  Turbidites systems in the Ainsa Basin, 
Spain would be a good place to test this process, as there are excellent exposures of channels and 
their associated levees.   
6.4.  Chapter 5 – Conclusions Future Work 
Chapter 5 documents how spatial variations in the composition of turbidites due to 
hydrodynamic fractionation results in spatial variations in porosity and permeability.  
Clinoptilolite cement, which forms from the diagenetic alteration of volcanic glass, is enriched in 
facies that are interpreted to be from the lateral and distal margins of turbidite lobes, resulting in 
significant reductions in porosity and permeability in these areas.  Based on the experimental and 
outcrop results from Chapters 2-4, we interpret the variability in porosity and permeability to be 
directly related to flow processes within turbidity currents in which relatively low density, 
angular grains, such as volcanic glass, are fractionated to lobe margins.  This study offers new 
insights into why there may be variable reservoir quality in turbidite-hosted deposits. 
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Future work could consist of similar research in other deep-water turbidites, specifically 
in systems where there is an abundance of carbonate cement, such as the Campos basin, offshore 







APPENDIX A.  
SUPPLEMENTAL INFORMATION FOR CHAPTER 2 
 
This section is a detailed review of the experimental procedures used in Chapter 2.   
A.1.  Experimental Design  
The two experiments were conducted in a 6-m long, 4-m wide, and 2.2-m deep basin 
equipped with an XYZ data collection carriage that houses an acoustic Doppler profiler (ADP) 
and a 35-MHz ultrasonic topography scanning system (Fig. A.1).  The experiments were 
conducted on a false floor with a 10% slope in the primary flow direction. The basin is 
surrounded by a moat and perimeter drain that removed the currents when they reached the edge 
of the false floor serving to extinguish reflections of the currents back onto the floor. The false 
floor is lined with a 15:1 mixture of sand and cement mortar that was strong enough to prevent 
erosion by the experimental flows. The experimental turbidity currents were composed of tab 
water, dissolved CaCl2 salt, and suspended sediment. The currents had 4% excess density 
relative to the tap water in the basin: 50% of the excess density was due to suspended sediment 
and 50% was from the dissolved salt. Each experiment consisted of five turbidity currents; each 
had approximately the same input values for current height, fluid discharge, duration, and excess 
density, allowing us to isolate the influence of grain density and shape on current behavior and 
spatial changes in composition. The first experiment tested how grain density influences the 
spatial distribution of particles, termed the density experiment; whereas the second experiment 
tested how grain shape influences the spatial distribution of particles, termed the shape 
experiment. In the density experiment, 50% by volume of the sediment was spherical soda-lime 
glass (s = 2.5 g/cm3) and 50% was spherical zirconia-silicate glass (s = 3.85 g/cm3). The D5, 
149 
 
D50, and D95 of the cumulative size distribution of the spherical soda-lime glass had nominal 
diameters of 85 m, 112 m, and 167 m, respectively (Fig. A.2A). The D5, D50, and D95 of 
the cumulative grain-size distribution of the spherical zirconia-silicate glass had nominal 
diameters of 64 m, 101 m, and 148 m, respectively. In the shape experiment, 50% by volume 
of the sediment was spherical soda-lime glass (s = 2.5 g/cm3) and 50% was angular soda-lime 
glass (s = 2.5 g/cm3). The D5, D50, and D95 of the cumulative size distribution of the spherical 
soda-lime glass had nominal diameters of 85 m, 112 m, and 167 m, respectively. The D5, 
D50, and D95 of the cumulative size distribution of the angular soda-lime glass had nominal 
diameters of 90 m, 141 m, and 272 m, respectively (Fig. A.2A). Input cumulative 
distributions of sediment fall velocity, ws, were calculated using input cumulative sediment size 
distributions (Fig. A.2B). Conversion from sediment size to ws was performed using equation 4 










   






    
s is sediment density, a is the ambient fluid density, g is gravitational acceleration, D is particle 
diameter, and C1 and C2 are constants. For spheres (spherical soda-lime glass and spherical 
zirconia-silicate glass), C1 and C2 have known exact values of 18 and 0.4, respectively; whereas, 
for natural sediment (angular soda-lime glass) C1 and C2 have values of approximately 20 and 
1.1, respectively (Ferguson and Church, 2004). Dissolved salt was used to simulate the finest 





the distal end of a system without loss via deposition. The sediment-saltwater mixture was 
introduced to the basin via a constant head tank that promotes steady input discharge throughout 
each individual experimental flow. Currents entered the basin through a momentum extraction 
box. This box was 0.5 m wide and 0.75 m long in plan view and contained several vertical 
screens of 5 mm wire mesh which currents passed through prior to entering the experimental 
basin (Fig. A.1). The momentum extraction box ensured that each flow acted as a sediment-laden 
plume driven by buoyancy alone. Current thickness and discharge were approximately constant 
for all flow events at values of 0.11 m and 3   10-3 m3/s. The duration of each current was 255 ± 
47 seconds.  
Velocity profiles were collected using a Nortek Aquadopp HR Profiler, which is a pulse-
Coherent Acoustic-Doppler Profiler (PCADP). The PCADP measured velocity with a frequency 
of 1 Hz in roughly cylindrical sampling volumes that were 8   10-3 m deep and had a horizontal 
foot print that varied in diameter from 0.90-to-0.93 m with increasing distance from the 
transducer. Velocity profiles were collected at many locations within the basin, but here we focus 
on profiles collected with increasing down-slope distances from the entrance box (increasing in 
x-direction) centered over the cross-slope midpoint (constant y-position of 2000 mm from left 
basin side wall). Profiles of current velocity are shown in Figure A.3 at distances from the 
proximal basin wall of 0.9, 1.2, 1.5, 1.8 m. Little change in the structure or thickness of the 
currents with increasing distance from the basin entrance is noted. 










Characterizes how ambient fluid is incorporated into a turbidity current, where u  is the mean 




to overcome the tendency for a stratified flow to remain stratified (Turner, 1973). RiB for the 
experimental currents was 6.7. The relatively high RiB and minimal change in current thickness 
and velocity with distance from the entrance box support minimal entrainment of ambient fluid 
into the experimental currents during their traverse across the experimental basin. 
A 35 MHz ultrasonic transducer connected to a pulse/receiver box was use to make maps 
of topography before and after each experiment using 588,800 points using a 5 mm (cross 
stream) and 10 mm (downstream) grid. The precision at each location is better than 0.2 mm. 
Thickness maps of the deposits of each experiment were constructed by calculating the 
difference in basin topography before and after the experiments (Fig. A.4). 
Aerial photographs of the experimental currents were collected from cameras positioned 
above the basin. Photographs were collected every 0.25 s. The photographs imaged the passage 
of the head of the current across the basin. The structure of the flow field associated with the 
body of each current was imaged by releasing a 0.5 L pulse of red dye at the entrance of the 
basin about two minutes following the start of each flow (Fig. A.4). These images were used to 
define the magnitude and direction of the local maximum horizontal velocity throughout the 
basin. 
Following the final current of each experiment the basin was drained and samples of the 
deposits were manually collected using a cross-shaped grid (Fig. A.4).  
A.2.  Analysis of Samples  
Samples were split into representative 1-g aliquots using a micro-rotary riffler. Graphite 
particles having the same grain-size distribution as the sediment were added to each sample in a 
2:1 ratio. Graphite serves to separate the individual grains and also increases sample 
randomization. The sediment and graphite mixture is mounted into 30-mm cups and vigorously 
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mixed with a viscous epoxy resin to prevent density settling. Once hardened, the samples were 
ground and polished to a 1-µm finish.  
Samples were analyzed with QEMSCAN, a quantitative and automated scanning-electron 
microscope (SEM) system. The QEMSCAN system combines a fully automated FEI Quanta 650 
SEM platform with two Bruker silicon-drift energy dispersive X-ray spectrometers (EDS), a 
four-quadrant solid-state backscatter electron (BSE) detector, and a secondary electron detector. 
Standard operating conditions are set at an accelerating voltage of 20 kV, a specimen current of 
10 nA, and a working distance of ~13 mm. The beam diameter is generally between 0.25 – 
0.5 μm, however the excitation volume can be up to 5 µm depending on the material analyzed. 
Once the beam hits the sample, secondary and backscatter electrons (BSE), and X-rays 
are emitted and collected by their respective detectors. In this study, we only collected BSE, 
which are higher-energy electrons reflected from the sample. The intensity of the BSE signal 
directly relates to the density of the material, which is directly controlled by the atomic number 
of the elements in the material. Accordingly, for the density experiment, due to their higher 
density, the spherical zirconia-silicate glass grains produce a brighter SEM image than the soda-
lime glass beads (Fig. A.5A).  These two materials can be distinguished from one another based 
solely on their BSE reflectance. For the shape experiment, the density of the soda-lime glass 
beads and angular soda-lime is the same, so BSE reflectance is not useful to differentiate the 
materials. Their shapes, however, are very different and can be distinguished using iDiscover, an 
image-based software. Thousands of particles in each sample were scanned and classified on the 
basis of their shape (Fig. A.5B).  
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A.3.  Analysis of Scale  
Our experiments were conducted at a reduced scale relative to submarine transport 
systems. It is therefore important to discuss how the model turbidity currents compare to those in 
natural settings on the seafloor. This comparison has three components: 1) a geometric scaling of 
the lobe topography; 2) a dynamic scaling of flow properties for estimating equivalence between 
the model and natural flows; and 3) a dynamic scaling of sediment transport in order to roughly 
compare particle sizes being moved by the experimental currents and those in natural settings on 
the seafloor. The scaling is intended to guide how experimental results are applied to the 
interpretation of natural turbidites. Our experiments were not designed to simulate environmental 
conditions associated with a specific system but rather were carried out to better understand the 
how composition of turbidites, the deposits of turbidity currents, vary spatially due to input 
compositions. 
The geometric flow scaling for our experiment was done using a distorted Froude 
modeling scheme in which the geometric scaling ratios for vertical and horizontal dimensions are 
different (Graf, 1971; Cantelli et al., 2011). We define a scale factor in the vertical direction, v, 
as the ratio of any corresponding vertical length between prototype, or naturally occurring lobe, 






where Hp is the thickness of a prototype lobe and Hm is the thickness of the model lobe. Next, we 
define the scale factor in the horizontal direction H as the ratio of horizontal length between 










where Lp is the width of the prototype lobe, and Lm is the width of the model lobe. As a result, 










For our experiments we use a v of 100 and a H of 2,500. Next, if we use an R of 1.65 (e.g. 
quartz) in the field and laboratory, and assume turbidity currents with constant values for flow 


















at field and laboratory scale, where u  is mean flow velocity, c is current density, a is ambient 
fluid density, g is gravitational acceleration, and h is flow thickness, the following expressions 
can be derived: 
mHp LL  ; mHp HH  ; mVp uu
2/1 ; 
   mwVHpw QQ 2/3 ;    msVHps QQ 2/3 ; 
   mcVpc tt 2/1 ; mp CC   
Where Qw is flow discharge, Qs is sediment discharge, and tc is a characteristic time (e.g., run 
time).  




for our experimental flows, where  is kinematic viscosity. Reynolds numbers for the model and 
prototype currents cannot be matched. The characteristic Reynolds number for model currents 
was 8000. The characteristic Reynolds number for a comparable natural current would be 6.1   







approximate Reynolds similarity for fully turbulent gravity currents proposed by Parsons and 
Garcia (1998).  
Altinakar et al. (1996) document that the lower portion of velocity profiles for turbidity 
currents developing on a flat bed under approximately steady and uniform conditions exhibit a 















where z is a distance above the bed, k is von Karman’s constant and is equal to 0.407, and z0 is a 
roughness parameter, equal to the elevation at which the extrapolated logarithmic velocity profile 
goes to zero. We have estimated the characteristic shear velocity associated with the model 
currents, (u*)m , by fitting (7) to velocity data collected with the PCADP from 4 current locations 
along the centerline of the flow. The fit to the portion of the velocity profiles situated between 
the bed and the velocity maximum is good. The regressions yielded (u*)m equal to 2.9 1.0 cm/s 
(Fig. A.6). A characteristic friction coefficient, Cf, for the model currents can be calculated from 
the estimate for (u*)m using: 
uCu f*  
The resulting (Cf)m = 1.38   10
-2 and is consistent with other laboratory measures of (Cf)m for 
turbidity currents reported by Parker et al. (1987), Garcia (1994), and Straub et al. (2008). A 
prototype shear velocity can be determined using (8) and estimated values for up and (Cf)p. We 
have reduced the (Cf)p by an order of magnitude to account for the weak dependence of bed 
friction coefficient with turbidity current scale as summarized in Parker et al. (1987). The 
calculated (u*)m = 0.063 m/s. 
Grain sizes used in the experiment can be compared to natural systems by estimating 





comparison we will focus on the spherical glass sediment utilized in both experiments, but a 
similar analysis could be done for the angular soda-lime glass and spherical zirconia-silicate 
glass grains. Since the predominant mode of transport is suspended load, we make the dynamic 
comparison by matching the ratio ws/u*. This scaling parameter was chosen because it best 
characterizes the degree that particles of various sizes are suspended within the transporting 
current, with ws serving as the scale value for downward particle advection and u* being the scale 
value for the effective diffusion of particles into the interior of the flow by turbulent eddies. 
Particle settling velocities for D10, D50, and D95 equaled 4.7   10-3 m/s, 7.6   10-3 m/s, and 1.5 
  10-2 m/s, respectively. Calculated experimental values for ws/u*(D5), ws/u*(D50), and ws/u*(D95), 
are 1.6   10-1, 2.6   10-1, and 5.2   10-1, respectively. All of these values are << 1, the 
minimum value for significant suspension transport originally reported by Bagnold (1966). By 
satisfying the equality (ws/u*)m = (ws/u*)p we estimated D5, D50, and D95 for the spherical glass 
sediment in the experimental flows correspond to particle sizes of 131 m, 182 m, and 289 m, 
respectively at field scale. 
The sediment-transport scaling derived above is used to estimate properties associated 







The appropriate model and prototype values for u* and D95, as well as = 1.0×10-6 m2/s 
yield estimates for (Rep)m and (Rep)p of 4.8 and 18.3, respectively. For the case of a flat bed the 
experimental system has a hydraulically smooth boundary and the natural system has a 
hydraulically transitional boundary, implying that scale of particles composing the beds is 




1971).  In both cases viscous effects are important in setting the style of the near-bed sediment-
transport conditions. Nino et al. (2003) performed a set of experiments to determine threshold 
conditions for the entrainment of bed sediment into suspension for cases of small Rep where 
viscous effects are significant. These threshold conditions for particle entrainment into 
suspension are plotted in Figure A.7 as functions of Rep, u*/ws, and dimensionless bed shear 
stress (*=u*2/(RgD)). Estimated values for Rep, u*/ws, and * for our experiment are also plotted 
in Figure A.7. These values indicate that experimental conditions associated with our model lie 
within the suspension regime as measured and predicted by Nino et al. (2003).  
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Figure A.1. Schematic diagram of the experimental facility. (A) Plan view of the basin. Each 
current passed through a momentum extraction box located against the middle of the left wall of 
the basin prior to entering the basin. Once in the basin, currents were free to expand laterally and 
flow down the false floor (brown region). Surrounding the false floor was a moat used for 
collection of currents following its passage over the false floor, reducing reflections off of tank 
walls. (B) Side view of the facility. Each current is mixed in a reservoir tank and pumped into a 






Figure A.2. Particle size (A) and particle settling velocity (B) distributions for the three sediment 






Figure A.3. Profiles of downstream velocity for currents measured at the basin centerline, with 






Figure A.4. Photographs of experimental flows, deposits, and topographic maps of experimental 
deposits. (A) Photograph of 1st flow event of the shape experiment in basin. Basin entrance box 
is located in center top of image. Red dye injected into current at basin entrance to aid 
visualization. (B) Image of experimental deposit resulting from shape experiment. Red circles 
mark locations where deposit samples were collected for characterization of deposit particles. 
(C) Map of deposit thickness from sedimentation by five turbidity currents in the shape 
experiment. This map is the difference of a map of the basin collected prior to the first 
experimental current and a map collected after the fifth experimental current. Contour interval is 
5 mm. Location of map relative to basin is shown in (A). (D) Photograph of 1st flow event of 
density experiment in basin. Basin entrance box is located in center top of image. Red dye 
injected into current at basin entrance to aid visualization. (B) Image of experimental deposit 
resulting from density experiment. Red circles mark locations where deposit samples were 
collected for characterization of deposit particles. (C) Map of deposit thickness from 
sedimentation by five turbidity currents in the density experiment. This map is the difference of a 
map of the basin collected prior to the first experimental current and a map collected after the 
fourth experimental current. Contour interval is 2.5 mm. Location of map relative to basin is 
shown in (A).  Note: dark areas on the floor of the tank in the density experiment are 






Figure A.5. A) SEM backscatter images from the density and shape experiments. Zirconia-
silicate glass has higher backscatter reflectance than soda-lime glass and therefore the particle 
types in the density experiment can be easily differentiated. B) QEMSCAN images from the 
density and shape experiments. The QEMSCAN system can identify and classify the particles by 







Figure A.6: Estimation of u* for model obtained with best-fit slope of ln z vs. current velocity 
plots. Velocity measurements were obtained below the velocity maximum of each sample 






Figure A.7. Comparison of experimental conditions in this study to threshold of particle 
entrainment into suspension conditions reported by Nino et al.. Circles represent measurements 
of Nino et al.  and black solid lines are proposed threshold conditions. Gray dashed line 
represents experimental conditions in this study defined between D5 and D95 particle sizes of 
input sediment distribution. A) Threshold of particle entrainment into suspension defined by Rep 





APPENDIX B.  
SUPPLEMENTAL INFORMATION FOR CHAPTER 5. 
 
This section is a review of the analytical methods used in Chapter 5.  The information is 
modified from information provided by Core Laboratories, Houston, TX, USA. 
B.1.  X-Ray Diffraction Analysis 
Samples submitted for whole-rock and clay-fraction XRD mineral analyses were first 
cleaned of obvious drilling contaminants and then disaggregated in a mortar and pestle.  
Approximately five grams of each sample were transferred to reagent grade isopropyl alcohol 
and ground using a McCrone micronizing mill with a five minute grind time.  The resultant 
powders were dried, disaggregated, and back-loaded into aluminum sample holders to produce 
random whole-rock mounts.  A separate split of each sample was dispersed in a dilute sodium 
phosphate solution using a sonic probe.  The suspensions were then centrifugally size-
fractionated to isolate clay-size (<4 micron ESD) materials for a separate clay-fraction mount.  
The suspensions were then vacuum-deposited on silver membrane filters to produce oriented 
clay mineral aggregates.  Membrane mounts were attached to stainless steel slugs and exposed to 
ethylene glycol vapor for a minimum of 24 hours. 
XRD analyses of the samples were performed utilizing a Scintag, Siemens, or Philips 
automated powder diffractometer equipped with a copper source (40kV, 40mA) and a solid state 
or scintillation detector.  The whole rock samples were analyzed over an angular range of 2-70 
degrees 2-theta at a scan rate of one degree/minute.  The glycol-solvated clay-fraction mounts 
were analyzed over an angular range of 2-50 degrees 2-theta at a rate of 1.5 degrees/minute. 
Semi-quantitative determinations of whole-rock and phyllosilicate mineral amounts were 
done utilizing integrated peak areas (derived from peak-decomposition / profile-fitting methods) 
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and empirical reference intensity ratio (RIR) factors determined specifically for the 
diffractometer used in data collection.  The total clay mineral (including mica) abundance of 
each sample was determined from the whole-rock XRD patterns using combined {00l} and {hkl} 
clay mineral reflections and suitable empirical RIR factors. 
XRD patterns from glycol-solvated clay-fraction samples were analyzed using techniques 
similar to those described above.  Determinations of mixed-layer clay ordering and expandability 
were done by comparing experimental diffraction data from the glycol-solvated clay mineral 
aggregates with simulated one dimensional diffraction profiles generated using the program 
NEWMOD. 
B.2.  Porosity, Permeability, and Grain Size Analysis 
1.0”-diameter plugs were collected at various locations in the core.  Toluene was 
conditioned (pre-boiled) to remove any absorbed water from the samples.  The samples were 
batch extracted using toluene, chloroform/methanol (83:17), and methylene chloride/methanol 
(75:25) azeotropes.  Solvent discoloration was used as an initial indicator of cleanliness.  Once 
the solvent showed no sign of staining, the samples were soaked in methylene chloride for six (6) 
hours, and the effluent was inspected for fluorescence.  The samples were then transferred to 
methanol in the absence of effluent fluorescence to remove the remaining salt from the samples.  
A silver nitrate solution was used daily to indicate the presence or absence of salt in the effluent.  
Once all salt and hydrocarbons were extracted from the samples, they were moved to a 
convection oven for drying. 
Each sample and thimble apparatus was dried in a convection oven at 240 F until weight 
stabilization (±0.001 g to facilitate a total porosity model).  Upon weight stabilization, the 
samples were removed from heated drying and placed into desiccators.  Each plug and thimble 
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apparatus was weighed within ±0.001 g.  Each sample was then removed from the thimble and 
weighed independently. 
Porosity was directly measured on all routine samples at a mean net effective stress of 
3350 psig in a hydrostatic core holder using the Boyle’s Law double-cell technique.  Porosity 
was calculated using the following equation: 
Porosity = Pore Volume / 100*(Pore Volume + Grain Volume)  
Values for permeability-to-air (Kair) were measured using the unsteady-state method at a 
mean net effective stress of 3350 psig in a hydrostatic core holder.  Sample permeability was 
calculated using the following equation: 
Kair = (Q*µ*L*Pa)/(P*Pm*A)  
where:  Q = Gas flow rate (cc/sec), µ = Gas viscosity (centipoise), L = Sample length (cm), Pa = 
atmospheric pressure (atms), P = differential pressure across sample (atms), Pm = mean 
pressure (atms), and A = Sample cross-sectional area (cc). 
The Laser Particle Size Analyzer (LPSA) determines particle size by measuring the 
amount of light refracted by the particle surface.  This is accomplished by the use of a Fourier 
lens and a light diffraction detector system consisting of three sets of photo diode detectors for 
low, medium, and high angle light diffraction.  Measured particle size can range from 0.1 to 
2000 microns and is determined as sample material dispersed in a transport fluid is circulated 
through a laser beam.  A 0.5% hexa-metaphosphate solution is used as the transporting fluid to 
de-ionize particles prior to measurement.  Quality standards are measured, and background 
checks on the transporting fluid are performed to ensure data integrity on a daily basis.  





A representative end trim from each sample was used for LPSA.  Each trim was 
inspected and cleaned of any debris and/or fines material that may have been produced during 
sample preparation. Water and hydrocarbon extraction is necessary prior to LPSA measurement.  
Hydrocarbons were removed using a series of toluene rinses.  Excess toluene was “wicked” from 
the samples using an absorbent material.  The samples were then placed under a heat lamp to 
ensure complete drying.  All samples were gently disaggregated using a mortar and Teflon 
pestle.  Extreme care was taken during this process to prevent grain breakage.  The material to be 
measured was added to a solution of 0.5% sodium hexa-metaphosphate to de-ionize particles. 
The laser optics particle size analyzer was rinsed prior to making any measurements.  
Laser alignment was performed prior to each sample run.  A “background” reading of the carrier 
fluid was also performed prior to each sample run. A selection of standard samples is run on a 
weekly basis to check the machine’s calibration.  The system is drained of water and opened for 
cleaning and inspection every week.  The system is also serviced on an annual basis to ensure 
proper calibration. The system must be operated according to the instructions provided by the 





APPENDIX C.  
SUPPLEMENTAL ELECTRONIC MATERIAL – DATA AND SPREADHEETS  
 
Appendix B contains spreadsheets associated with the data in chapters 3, 4, and 5 of this 
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